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4XH SUHVHQWD QD 0Ñ1,&$ 0,5 //25(17( SHU RSWDU DO JUDX GH 'RFWRUD HQ
(QJLQ\HULD 4XtPLFD KD HVWDW UHDOLW]DW VRWD OD VHYD GLUHFFLy HQ HOV ODERUDWRULRV GHO
'HSDUWDPHQW G¶(QJLQ\HULD 4XtPLFD GH OD 8QLYHUVLWDW 5RYLUD L 9LUJLOL L TXH WRWV HOV
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',66$50 ³'HYHORSPHQW RI ,QWHJUDWDEOH 6HQVRUV IRU 6FUHHQLQJ RI $QWLELRWLF
5HVLVWDQFHLQ0\FREDFWHULXP³4XDOLW\RIOLIHDQG0DQDJHPHQWRIUHVRXUFHV3URJUDP
4/.&7 0,&523527(,1 ³0LFURPHWHU 6FDOH 3DWWHUQLQJ RI 3URWHLQ




OHV SUHRFXSDFLRQV L ULDOOHV GHO GLD D GLD  ,QLFLDOPHQW DO DQWLF FRORPDU UHFRQYHUWLW HQ
ODERUDWRULGHOD,PSHULDORQYDLJFRPHQoDUDGHVFREULUTXHHUDXQELRVHQVRUDPEO¶DMXGD
GH0zQLFD L HO VXUUHDOLVPH GH9DOHUL MXQWDPHQW DPE&LDUD L&KULVWRSKH 'HVSUpV DO
ODERUDWRULGHOD/DERUDODPEODVLPSDWLDGHOHV*HPPHVOHVOOLoRQVG¶DQJOqVG¶HQ3KLOLS
L3DXOLODPDU[DGHOV\DQNHHV.ULVWLQL$OH[,PpVHQGDYDQWDOVODERUDWRULVGHOFDPSXV
GH 6HVFHODGHV DPE OHV VtQWHVLV GH O¶$QWRQLR L HO -RVHS 0DULD OD JUDQ DMXGD
DGPLQLVWUDWLYDGH6DQGUD-RDTXLP%DUEDUDL,YRQQHHOVXSRUWDGLVWjQFLDGHOD7HUHVD
'LHJRL0DUNOHV[HUUDGHVTXHPDQWHQHQHOPHXDQJOqVDPE5DVD*XUD\L6UXMDQOHV
³EDUDOOHV´ L OODUJXHV HVWDGHV GDYDQW GHOV SRWHQVLRVWDWV DPE 3DXOD 9LYL L .HOO\ L HOV
GLYHUWLWVGLQDUVDPE0DUWD0LUHLDL3DEOR
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,XQHVSHFLDO DJUDwPHQWD6HUJLTXqpV ODSHUVRQDTXHKD WLQJXWTXH VXSRUWDUPpVHOV
PHXV FDQYLV G¶KXPRU TXDQ HOV UHVXOWDWV QR VRUWLHQ L HQ GHILQLWLYD OD SHUVRQD PpV
LPSRUWDQWSHUSRUWDWDILDTXHVWDWHVLVLODPHYDYLGD
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(Q ORV ~OWLPRV DxRV ORV FKLSV GH$'1KDQ DWUDtGR XQD DWHQFLyQ FUHFLHQWH GLIHUHQWHV
FDPSRV GHELGR D VX SRUWDELOLGDG VHQVLELOLGDG HVSHFLILFLGDG \ UiSLGD UHVSXHVWD /RV
FKLSV GH $'1 VRQ DSOLFDGRV HQ GLDJQRVLV GH HQIHUPHGDGHV JHQpWLFDV GHWHFFLyQ GH
DJHQWHV LQIHFFLRVRV HVWXGLRV GH SUHGLVSRVLFLyQ JHQpWLFD GHVDUUROOR GH PHGLFLQD
SHUVRQDOL]DGD GHWHFFLyQ GH H[SUHVLyQ JHQpWLFD GLIHUHQFLDO PHGLFLQD IRUHQVH
H[SORUDFLyQGHPHGLFDPHQRV FROXPQDV GH VHSDUDFLyQ VHJXULGDG DOLPHQWDUtD GHIHQVD
PLOLWDU\PRQLWRUL]DFLyQPHGLRDPELHQWDO
$XQTXHORVVHQVRUHVJHRQyPLFRVKDQDYDQ]DGRGHIRUPDPX\UiSLGDOOHJDQGRDVLWLRV
SULYLOHJLDGRV HQ GLIHUHQWHV SODWDIRUPDV FRPHUFLDOHV ORV VHQVRUHV SURWHyPLFRV HVWiQ
FRUWDQGRPX\UiSLGDPHQWHODVGLVWDQFLDVFRQORVVHQVRUHVGH$'1<DTXHORVVHQVRUHV
SURWHyPLFRV GHWHFWDQ GLUHFWDPHQWH OD SURWHtQD JHQHUDGD D SDUWLU GH OD VHFXHQFLD GH





PHMRUHV FDQGLGDWRV SDUD OD GHWHFFLyQ GH SURWHtQDV \D TXH QR QHFHVLWDQ HO XVR GH
DQLPDOHV SDUD VX SURGXFFLyQ \  SRU WDQWR VRQPDV IiFLOHV GH SURGXFLU GH XQDPDQHUD
DXWRPDWL]DGD \  VLQ QHFHVLGDG GH FRQGLFLRQHV ILVLROyJLFDV  /RV FKLSV GH DSWiPHURV
SXHGHQVHUUHXWLOL]DGRV\VRQPDVIiFLOHVGHPDUFDUHLQPRYLOL]DUVREUHVRSRUWHVVyOLGRV
FRQXQDGHQVLGDGGHILQLGD
$XQTXH ORV FKLSV EDVDGRV HQ ROLJRQXFOHyWLGRV SDUD OD GHWHFFLyQ GH$'1\ SURWHtQDV
WLHQHQ XQ JUDQ IXWXUR HQ GLJQRVLV H LQYHVWLJDFLyQ ELROyJLFD HVWD WHFQRORJtD HVWi DXQ
PX\ OHMRV GH VX XVR GLDULR HQ HO FDPSR FOtQLFR \ DXQ PDV OHMRV GH SRGHU VHU
FRPHUFLDOL]DGRSDUDXVRGRPpVWLFRFRPRORKDQVLGRORVELRVHQVRUHVGHJOXFRVD
6XVSULQFLSDOHVSUREOHPDVVRQVXDOWRFRVWH\VXGLILFXOWDGGHXVR3DUDVXXWLOL]DFLyQHV
QHFHVDULR SUHYLR D OD LQ\HFFLyQ GHO DQDOLWR HQ HO ELRVHQVRU FRVWRVRV LQVWUXPHQWRV GH
ODERUDWRULR\WpFQLFRVHVSHFLDOL]DGRVHQELRTXtPLFDSDUDHOPDUFDMH\DPSOLILFDFLyQGH
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VH OOHYy D FDER SDUD HVWDEOHFHU SURWRFRORV SDUD OD LQPRYLOL]DFLyQ KLEULGDFLyQ \
GHWHFFLyQGH$'1FRORULPpWULFDPHQWH\HOHFWURTXtPLFDPHQWH
6HXWLOL]yXQPHGLDGRUGLIIXVLRQDOSDUDGHWHFWDUHOHFWURTXtPLFDPHQWHODVHxDOFDWDOtWLFD




8QSROtPHUR UHGR[ LQPRYLOL]DGRVREUH OD VXSHUILFLHGHOHOHFWURGR IXHXWLOL]DGRFRQHO
PLVPR ILQ TXH HOPHGLDGRU GLIIXVLRQDO SHUR HQ HVWH FDVR HOPHGLDGRU QR GLIIXVLRQDO
PHMRUD HO VLVWHPD RIUHFLHQGR XQD UHVSXHVWDPDV UiSLGD HO XVR GHPHQRV YROXPHQ GH
PXHVWUD \  XQ VLVWHPD TXH QR UHTXLHUH OD DGLFLyQ GHO PHGLDGRU HQ OD GHWHFFLyQ GHO
DQDOLWR\DTXHHVWHHVWDLQFRUSRUDGRDOHOHFWURGR6HGHWHFWyVHOHFWLYDPHQWHXQDUHJLyQ
GHO JHQ HVSHFtILFR SDUD OD GHWHFFLyQ GH 0LFREDFWHULXP WXEHUFXORVLV TXH FRQWLHQH
PXWDFLRQHVTXHFRQILHUHQUHVLVWHQFLDDODULIDPSLFLQD(ODQDOLWRVHDPSOLILFy\PDUFy
SUHYLDPHQWH PHGLDQWH OD WpFQLFD GH UHDFFLyQ HQ FDGHQD GH SROLPHUDVD 3&5  /D
KLEULGDFLyQGHODQDOLWRIXHGHWHFWDGDHOHFWURTXtPLFDPHQWHFRQPHGLDGRUQRGLIIXVLRQDO
6H XWLOL]y WDPELpQ IRWROLWRJUDItD ELRFRPSDWLEOH SDUD OD LQPRYLOL]DFLyQ VHOHFWLYD GH
PROpFXODV GH $'1 HQ XQ PLFURFKLS  (Q HVWD SODWDIRUPD \ PHGLDQWH PHGLDGRU QR
GLIIXVLRQDO IXH GHWHFWDGR HOHFWURTXtPLFDPHQWH HO ROLJRQXFOHyWLGR PDUFDGR HVSHFtILFR
SDUDODGHWHFFLyQGHFiQFHUGHSHFKR
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(O PpWRGR OLEUH GH PDUFDMH VH EDVD HQ HO GHVSOD]DPLHQWR GH PROpFXODV GH
ROLJRQXFOHyWLGR PXWDGR \  PDUFDGR HO FXDO DXQTXH FRQWHQJD FLHUWDV PXWDFLRQHV HV
FDSD]GHKLEULGDU FRQ OD VRQGDGHROLJRQXFOHyWLGR LQPRYLOL]DGRSHURFXDQGRHVWDV VH
HQFXHQWUDQHQSUHVHQFLDGHODQDOLWRGHVSOD]DODPROpFXODPXWDGDGLVPLQX\HQGRDVtOD
VHxDO GH PDQHUD SURSRUFLRQDO D OD FRQFHQWUDFLyQ GHO DQDOLWR (O VLVWHPD GH
GHVSOD]DPLHQWR KD VLGR GHPRVWUDGR FRORULPpWULFDPHQWH \ HOHFWURTXtPLFDPHQWH
XWLOL]DQGR PDUFDMH GH +53 VREUH HO PXWDGR  7DPELpQ VH GHPRVWUy HVWH VLVWHPD
XWLOL]DQGR XQ PDUFDMH GH IHUURFHQR HQ HO ROLJRQXFOHyWLGR PXWDGR FRQ HO ILQ GH QR
QHFHVLWDUDxDGLUQLQJ~QUHDFWLYRSDUDODGHWHFFLyQGHODQDOLWR
7DPELpQ VH OOHYDURQ D FDER GLIHUHQWHV HVWUDWHJLDV SDUD GHVDUUROODU XQ ELRVHQVRU
HOHFWURTXtPLFR EDVDGR HQ ROLJRQXFOHyWLGRV DSWiPHURV SDUD OD GHWHFFLyQ GH WURPELQD
VLQHOSUHYLRPDUFDMHGHHVWHDQDOLWR
(QODFRQILJXUDFLyQPiVGLUHFWDHODSWiPHURPDUFDGRFRQXQJUXSRWLROVHLQPRYLOL]y
HQ OD VXSHUILFLHGHO HOHFWURGRGHRURSDUD LQWHUDFFLRQDU H LQPRYLOL]DU OD WURPELQD (O
HQODFHHQWUHHODSWiPHUR\HODQDOLWRVHGHWHFWyPHGLDQWHODFXDQWLILFDFLyQGHODUHDFFLyQ
GHKLGUyOLVLVGHβ$OD*O\$UJSQLWURDQLOLQHFDWDOL]DGRSRUODWURPELQDSURGXFLHQGRS






VH HQOD]DVH FRQ OD WURPELQD \D LQWHUDFFLRQDGD FRQ HO SULPHU DSWiPHUR  (O DSWiPHUR
PDUFDGRFRQELRWLQDIXHSUHYLDPHQWHLQFXEDGRFRQHVWUHSWDYLGLQD+53ORTXHSHUPLWLy
ODGHWHFFLyQGH OD LQWHUDFFLyQ /D DFWLYLGDGGHO+53VH UHODFLRQyFRQ OD FDQWLGDGGH
WURPELQDPHGLDQWHXQDUHFWDGHFDOLEUDMH
(Q OD WHUFHUD HVWUDWHJLD OD WURPELQD IXH LQPRYLOL]DGD HQ OD VXSHUILFLH GHO HOHFWURGR
3RVWHULRUPHQWH HO VHQVRU IXH LQFXEDGR SULPHUR FRQ  DSWiPHURPDUFDGR FRQ ELRWLQD \
SRVWHULRUPHQWH FRQ HVWUHSWDYLGLQD+53  /D GHWHFFLyQ HOHFWURTXtPLFD GHO +53 IXH
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FRPRHQ OD HVWUDWHJLD DQWHULRU GHWHFWDGDPHGLDQWHSHUy[LGRGHKLGURJHQR\PHGLDGRU
GLIIXVLRQDO
(Q OD FXDUWD HVWUDWHJLD VH XWLOL]y OD LQWHUDFFLyQ GH WURPELQD FRQ HO DSWiPHUR SDUD
GHPRVWUDU XQ PRGHOR PX\ VLPSOH GH VHQVRU HOHFWURTXtPLFR PHGLDQWH XQ VLVWHPD GH
EHDFRQTXHQRUHTXLHUHHOPDUFDMHGHODQDOLWRQLGHODXWLOL]DFLyQGHUHDFWLYRVXQDYH]
VHKDLQ\HFWDGRODPXHVWUD/RVEHDFRQVXWLOL]DQFDPELRWULGLPHQVLRQDOGHWHFWDEOHGHOD
FRQIRUPDFLyQ GHO HOHPHQWR GH ELRUHFRQRFLPLHQWR GHELGR D OD LQWHUDFFLyQ FRQ   HO
DQDOLWR3DUDHVWDGHWHFFLyQHODSWiPHURVHPDUFySRUXQODGRFRQXQJUXSRWLROSDUDVX
LQPRYLOL]DFLyQ VREUH RUR \ HQ HO RWUR ODGR FRQ XQD PROpFXOD GH IHUURFHQR SDUD VX
GHWHFFLyQ&XDQGRHODSWiPHUR LQWHUDFFLRQDFRQHODQDOLWRDGTXLHUHXQDFRQIRUPDFLyQ
GHVLOODTXHKDFHTXHODPROpFXODGHIHUURFHQRVHHQFXHQWUHPX\FHUFDGHODVXSHUILFLH
GHO HOHFWURGR OD FXDO FRVD KDFH TXH FDPELH VX UHVSXHVWD YROWDPSHURPpWULFD 6H
GHPRVWUy TXH HO VLVWHPD HUD HVSHFtILFR GDQGR UHVSXHVWDV PX\ EDMDV SDUD PROpFXODV
VLPLODUHVDODQDOLWR
/D ~OWLPD HVWUDWHJLD HV XQD PRGLILFDFLyQ GHO VLVWHPD DQWHULRU  (Q HVWH FDVR HQ OD
VXSHUILFLH GHO HOHFWURGR VH FRLQPRYLOL]y HO DSWiPHURPRGLILFDGR FRQ WLRO \ IHUURFHQR
FRQ XQD PRQRFDSD GH PLFURSHUR[LGDVD  $Vt SXHV HO FHQWUR UHGR[ GH OD HQ]LPD
FRLQPRYLOL]DGD UHFRQRFH ODPROpFXOD GH IHUURFHQR TXH VH DFHUFD FXDQGR HO DSWDPHUR
LQWHUDFFLyQFRQODWURPELQD $VtSXHVFXDQGRHODQDOLWRLQWHUDFFLRQDHQSUHVHQFLDGHO
VXVWUDWR GH OD HQ]LPD \ GHO PHGLDGRU GLIIXVLRQDO OD HQ]LPD PHGLD OD WUDQVIHUHQFLD
HOHFWUyQLFD(VWDUHDFFLyQFDWDOtWLFDKDGHVHUYLUSDUDDPSOLILFDUODVHxDOGHOELRVHQVRU
(VWD WHVLV KD VLGR HVWUXFWXUDGD HQ VHLV FDStWXORV  (Q HO SULPHU FDStWXOR VH KDFH XQD
GHVFULSFLyQGHOHVWDGRGHODUWHHQHOPXQGRGHORVELRVHQVRUHVGHORVFKLSVGH$'1\
GH ORV VHQVRUHV EDVDGRV HQ DSWiPHURV  (O VHJXQGR FDStWXOR UHIOHMD ORV UHVXOWDGRV
REWHQLGRVHQGLIHUHQWHVELRVHQVRUHVHOHFWURTXtPLFRVSDUD ODGHWHFFLyQGLUHFWDGH$'1
PDUFDGR  (Q HO FDStWXOR WHUFHUR VH GHPXHVWUD XQ VLVWHPD HOHFWURTXtPLFR GH





UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente






)LJXUH 6WUXFWXUHV RI GHR[\ULERQXFOHLF DFLG '1$ ORFNHG QXFOHLF DFLG
/1$DQGSHSWLGHQXFOHLFDFLG31$ 








)LJXUH &RORXULPHWULF GHWHFWLRQ RI  µJ P/ PHU +53 ODEHOOHG
ROLJRQXFOHRWLGHK\EULGLVHGIRUKRXUDW& 
)LJXUH %UHDVWFDQFHUROLJRQXFOHRWLGHK\EULGLVDWLRQGHWHFWHGE\(/21$ 
)LJXUH &RORXULPHWULF GHWHFWLRQ RI PHU ROLJRQXFOHRWLGH DPSOLILHG E\
3&5 
)LJXUH 'HWHFWLRQ OLPLW RI PHU ROLJRQXFOHRWLGH K\EULGLVDWLRQ E\
FRORXULPHWULFGHWHFWLRQ 
)LJXUH &KURQRDPSHURPHWULF SORWV IURP WKH GHWHFWLRQ RI PHU '1$
K\EULGLVDWLRQE\GLIIXVLRQDOPHGLDWRU 
)LJXUH $PSHURPHWULF GHWHFWLRQ RI PHU FRPSOHPHQWDU\+53
K\EULGLVDWLRQE\GLIIXVLRQDOPHGLDWRUZDVSORWWHGZLWKFRQWURO 
)LJXUH 'HWHFWLRQ OLPLW RI PHU '1$ K\EULGLVDWLRQ E\ GLIIXVLRQDO
PHGLDWRU 
)LJXUH 5HGR[SRO\PHUVWUXFWXUHXVHGLQWKH'1$GHWHFWLRQ 
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/LVWRIILJXUHV
[[
)LJXUH$PSHURPHWULF GHWHFWLRQ RI PHU FRPSOHPHQWDU\+53
K\EULGLVDWLRQ E\ UHGR[ SRO\PHU LPPRELOLVHG RQ WKH HOHFWURGH
2SWLPLVDWLRQRIUHGR[SRO\PHUFRQFHQWUDWLRQ 
)LJXUH$PSHURPHWULF GHWHFWLRQ RI PHU FRPSOHPHQWDU\+53
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FRQWDLQWKHVXERSWLPXPROLJRQXFOHRWLGHDUHLQVLGHWKHUHFWDQJOH 
6FKHPH6FKHPDWLF GLDJUDP RI VXERSWLPXP IHUURFHQH ODEHOOHG PXWDWHG
ROLJRQXFOHRWLGHGLVSODFHPHQWGHWHFWLRQ 
6FKHPH5HGR[UHDFWLRQSURGXFHGEHWZHHQIHUURFHQHODEHODQGIHUULF\DQLGH 
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$FFRUGLQJ WR WKH ,83$& GHILQLWLRQ 7KHYHQRW HW D  ³$ FKHPLFDO VHQVRU LV D
GHYLFH WKDW WUDQVIRUPV FKHPLFDO LQIRUPDWLRQ UDQJLQJ IURP WKH FRQFHQWUDWLRQ RI D





7KXV ELRVHQVRUV FDQ EH FODVVLILHG DFFRUGLQJ WR WKH W\SH RI WKHLU WUDQVGXFHU DQG WKH
UHFRJQLWLRQHOHPHQW
7KH WUDQVGXFHUVFRPPRQO\XVHG LQELRVHQVRUVDUHRSWLFDOGHWHFWLRQ VXUIDFHSODVPRQ
UHVRQDQFH 635 $WWULGJH HW DO  IOXRUHVFHQFH 9R'LQK HW DO 
FRORXULPHWULF 6DPXOHVRQ HW DO  RU FKHPLOXPLQLVFHQFH &KLX DQG
&KULVWRSRXORV   (OHFWURFKHPLFDO WUDQKVGXFHUV DUH EDVHG RQ DPSHURPHWU\
9LQFNHHWDOSRWHQWLRPHWU\9LQFNHHWDOFRQGXFWRPHWU\:DWVRQHW
DODQG LPSHGDQFHVSHFWURVFRS\.HHVHDQG*LDHYHUHWDO 0RUHRYHU




7KH ELRUHFHSWRU RU ELRUHFRJQLWLRQ HOHPHQW FDQ EH HLWKHU EDVHG RQ ELRDIILQLW\
LQWHUDFWLRQRURQELRPHWDEROLFUHDFWLRQ+RZHYHUERWKRIWKHVHSURFHVVHVLQYROYHWKH
VSHFLILF UHFRJQLWLRQ RI WKH DQDO\WH E\ WKH ELRUHFRJQLWLRQ HOHPHQW  ,Q ELRDIILQLW\
LQWHUDFWLRQWKHWUDQVGXFHUGHWHFWVWKHELQGLQJEHWZHHQWKHDQDO\WHDQGWKHUHFHSWRUSDLU
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6RPH H[DPSOHV LQFOXGH DQWLERGLHV -HQVVRQ HW DO  FHOO UHFHSWRUV .LQJGRQ
 QXFOHLF DFLGV 3DOHFHFN  RU DSWDPHUV 3RW\UDLOR HW DO   ,Q
ELRPHWDEROLF UHDFWLRQV WKH DQDO\WHUHFHSWRU LQWHUDFWLRQ UHVXOWV LQ WKH SURGXFWLRQ RI D
SURGXFW WKDW LV FRQYHUWHG WR D VLJQDO E\ WKH WUDQVGXFHU  ,Q WKLV NLQG RI ELRVHQVRU






ZLGH UDQJH RI DSSOLFDWLRQV 7KH DUHDV RI GLDJQRVWLFV 3DFH  HQYLURQPHQWDO
PRQLWRULQJ.DUXEHHWDOIRRGVDIHW\:DWDUEHHWDOFKHPLFDOLQGXVWU\
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$ GHR[\ULERQXFOHLF DFLG '1$ VHQVRU LV D GHYLFH WKDW LQFRUSRUDWHV DV WKH
ELRUHFRJQLWLRQHOHPHQWDVKRUWVLQJOHVWUDQGRIROLJRQXFOHRWLGH
'1$ VHQVRU WHFKQRORJ\ HYROYHG IURP 6RXWKHUQ EORWWLQJ ZKHUH IUDJPHQWHG '1$ LV
DWWDFKHGWRDVXEVWUDWHDQGWKHQSUREHGZLWKDNQRZQJHQHRUIUDJPHQWFRPSOHPHQWDU\
WRWKH'1$WDUJHW,QWKHFDVHRI'1$VHQVRUVWKHDWWDFKHGRULPPRELOLVHGVHTXHQFHLV
D NQRZQ EDVHV VHTXHQFH RI VLQJOH VWUDQGHG'1$ FRPSOHPHQWDU\ WR WKH WDUJHW FDOOHG
SUREH  ,Q WRGD\¶V SUDFWLFH WKH ROLJRQXFOHRWLGH WDUJHW LV LVRODWHG DQG DIWHUZDUGV
DPSOLILHG DQG ODEHOOHG E\ WKH SRO\PHUDVH FKDLQ UHDFWLRQ 3&5 IRU D VXEVHTXHQW
K\EULGLVDWLRQDQGUHFRJQLWLRQE\WKHLPPRELOLVHGUHFHSWRU
0RUHJHQHUDOLVWKHXVHRI'1$PLFURDUUD\VZKLFKLVDFROOHFWLRQRI'1$VHQVRUVRQ
WKH VDPH GHYLFH RIIHULQJ WKH SRVVLELOLW\ RI VFUHHQLQJ IRU D ODUJH QXPEHU RI '1$
VHTXHQFHVDWWKHVDPHWLPHRQWKHVDPHGHYLFHDQGZLWKDVKRUWUHVSRQVHWLPH
,GHQWLI\LQJ'1$VHTXHQFHVRIJHQHVDQGWKHLUPXWDWLRQVXVLQJPLFURDUUD\VLVUHOHYDQW
IRU WKH GLDJQRVLV RI JHQHWLF GLVHDVHV GHWHFWLRQ RI LQIHFWLRXV DJHQWV VWXG\ RI JHQHWLF
SUHGLVSRVLWLRQGHYHORSPHQWRISHUVRQDOLVHGPHGLFLQHGHWHFWLRQRIGLIIHUHQWLDOJHQHWLF
H[SUHVVLRQIRUHQVLFVFLHQFHGUXJVFUHHQLQJIRRGVDIHW\DQGHQYLURQPHQWDOPRQLWRULQJ




D SDWLHQW ZLWK JUHDW SUHFLVLRQ )XUWKHUPRUH PLFURDUUD\V FRXOG EH XVHG WR GHYHORS
SHUVRQDOLVHG PHGLFLQH PHDVXULQJ SDWLHQW UHVSRQVH WR GUXJV SUHYHQWLQJ DGYHUVH VLGH
HIIHFWV RI D GUXJ DQG SUHGLFWLQJ WKH PRVW HIIHFWLYH GUXJ IRU D VSHFLILF SDWLHQW  7KH
5RFKH&<3'1$DUUD\LVDOUHDG\RQWKHPDUNHWIRUWKLVSXUSRVH
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'UXJ GLVFRYHU\ LV DQRWKHU IDYRXUHG DUHD IRU WKH XVH RI '1$ PLFURDUUD\V
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DUH GRQH WR LPSURYH WKH VWDELOLW\ RI WKH K\EULGLVHG SDLU DQG WKH QXFOHDVH HQ]\PDWLF
GHJUDGDWLRQUHVLVWDQFHRIWKHSUREHV
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$QRWKHUZD\ WR HQKDQFHQXFOHDVH UHVLVWDQFHRIROLJRQXFOHRWLGHV LV WR LQWURGXFH VXOIXU
LQWRWKHPROHFXOHE\XVLQJSKRVSKRURWKLRDWHROLJRQXFOHRWLGHV&URRNHV*HDU\HW
DO   7KHVH KDYH EHHQ XVHG H[WHQVLYHO\ LQ DQWLVHQVH WKHUDSHXWLFV WR JHQHUDWH
VHUXPVWDEOH ROLJRQXFOHRWLGHVZLWK LQFUHDVHGSODVPDSURWHLQELQGLQJ DQGSKDURNLQHWLF
SURILOH.XUUHFN
)DEULFDWLRQRIPLFURDUUD\VEHJLQVZLWKWKHVHOHFWLRQRIWKHFDSWXUHSUREHVHTXHQFH,Q
PRVW FDVHV WKHVH VHTXHQFHV FDQ EH IRXQG GLUHFWO\ IURPGDWDEDVHV VXFK DV*HQH%DQN
%HQVRQHWDODQG8QL*HQH6FKXOHUHWDO







WKH OLQNLQJ RI WKH ILUVW QXFOHRWLGH RQ D VROLG VXSSRUW /LWKRJUDSKLFPDVNV DUH XVHG WR
HLWKHUEORFNRUWUDQVPLWOLJKWRQWRVSHFLILFORFDWLRQVRIWKHZDIHUVXUIDFHZLWKWKHDLP
RI GHSURWHFWLQJ WKH VXUIDFH WKDW ZLOO VXEVHTXHQWO\ EH FRXSOHG ZLWK QXFOHRWLGHV 7KH
FRXSOHG QXFOHRWLGH DOVR EHDUV D OLJKWVHQVLWLYH SURWHFWLQJ JURXS VR WKH F\FOH FDQ EH
UHSHDWHGXQWLOWKHSUREHVUHDFKWKHLUIXOOOHQJWKXVXDOO\QXFOHRWLGHV
1LPEOH*HQ ,QF GHYHORSHG D 0DVNOHVV $UUD\ 6\QWKHVL]HU WHFKQRORJ\  $ VLPLODU




PDQXIDFWXULQJ SURFHVV IRU LQ VLWX V\QWKHVL]HG '1$ PLFURDUUD\V  7KLV V\QWKHVLV LV
EDVHGRQVSRWWLQJIRXUGLIIHUHQWSKRVSKRUDPLGLWHQXFOHRVLGHVGLUHFWO\RQWKHVXUIDFHDQG
WKHRUGHURIDGGHGSKRVSKRUDPLGLWHQXFOHRVLGHGHWHUPLQHVWKHSUREHVHTXHQFH7KHVSRW
GHQVLW\ RI WKLV WHFKQRORJ\ LV PXFK ORZHU WKDQ OLJKW GLUHFWHG V\QWKHVLV 7KH VWDQGDUG
SKRVSKRUDPLGLWH FKHPLVWU\ +XQNDSLOOHU HW DO  +RUYDWK HW DO  LV YHU\
HIILFLHQWDQGDOORZVORQJHUSUREHVWREHV\QWKHVL]HG±E$VLPLODULQNMHWEDVHG
LQVLWX'1$V\QWKHVLVZDVGHVFULEHGE\/DXVWHGHWDO7KH,QYLWURJHQWHFKQRORJ\
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WKLV WHFKQRORJ\ HOHFWURGH DUUD\V HOHFWURFKHPLFDOO\ JHQHUDWH DFLGV WR LQLWLDWH '1$
V\QWKHVLV 7KH WHFKQRORJ\ SURYLGHV SUREHV XS WR  EDVHV ORQJ  )(%,7 ELRWHFK¶V
*HQLRPH 2QH GHYHORSHG D V\VWHP WKDW FRQWDLQV HYHU\WKLQJ QHHGHG IRU PDNLQJ D
PLFURDUUD\ H[SHULPHQW LQVLWX '1$ V\QWKHVLV K\EULGLVDWLRQ DQG GHWHFWLRQ XQLWV DOO











DON\OVLODQHV FRXOG EH XVHG WR IRUP YHU\ VWDEOH PRQROD\HUV RQ K\GUR[\ODWHG VXUIDFHV
VXFKDVJODVVDOXPLQLXPR[LGHVLOLFRQR[LGHLQGLXPWLQR[LGH,72TXDUW]DQGPLFD
6DJLY  $ONDQRLF DFLGV IRUP VWDEOH 6$0V E\ WKH SURGXFWLRQ RI D VXUIDFH VDOW




3HPEHUWRQ  FRSHU SODWLQXP 0HEUDKDWX HW DO  SDOODGLXP 5LHSO HW DO





SRWHQWLDOVEHWZHHQ 9DQG9 YV$J$J&OZKHUHDVRXWVLGH WKLV UDQJH WKLROV
DUHGHVRUEHG<DQJHWDO
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VROLG VXSSRUW /HYLFN\ HW DO  D PL[HG PRQROD\HU RI WKLRO'1$ ZLWK D WKLRO
FRPSRXQG%RR]HUHWDORUWKURXJKDQLQGLUHFWLPPRELOLVDWLRQRI'1$ZKLFKLV
FRYDOHQWO\ERXQGZLWKDSUHYLRXV6$0:UREHOHWDO'LUHFWWKLRO'1$6$0
FDQ SURGXFH GHQVHO\ SDFNHG PRQROD\HUV ZKLFK FRXOG UHGXFH WKH DPRXQW RI '1$
K\EULGLVHG7KLVSUREOHPFDQEHRYHUFRPHZLWKPL[HG6$0V,QGLUHFW6$0LQFUHDVHV
WKHQXPEHURIVWHSVDQGUHGXFHVWKHLPPRELOLVDWLRQHIILFLHQF\











ILOP WR D SODWLQXP VXUIDFH /LYDFKH HW DO +RZHYHU WKHPRVW FRPPRQO\ XVHG
WHFKQLTXH LV WKH DFWLYDWLRQ RI D FDUER[\OLF DFLG ZLWK FDUERGLLPLGH 
GLPHWK\ODPLQRSURS\OHWK\OFDUERGLLPLGH ('& DQG 1K\GUR[\VXOIRVXFFLQLPLGH
1+6 IRU UHDFWLRQ ZLWK DQ DPLQH JURXS  )ROORZLQJ WKLV PHWKRG FDUERQ SDVWH






6WUHSWDYLGLQ RU DYLGLQ ZLWK ELRWLQ LV WKH PRVW DSSOLHG DIILQLW\ LQWHUDFWLRQ LQ VV'1$
LPPRELOLVDWLRQ  6XUIDFH LPPRELOLVHG VWUHSWDYLGLQ FDQ EH XVHG WR VXEVHTXHQW
LPPRELOLVDWLRQWRDELRWLQODEHOOHGROLJRQXFOHRWLGH
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FRQGLWLRQV %HFDXVH RI WKLV VWURQJ LQWHUDFWLRQ WKH FRPSOH[ IRUPDWLRQ LV QHDUO\
XQDIIHFWHG E\ H[WUHPH YDOXHV RI S+ RU WHPSHUDWXUH RUJDQLF VROYHQWV DQG GHQDWXULQJ






7KLV LPPRELOLVDWLRQ SURFHGXUH LV EDVHG RQ WKH GLUHFW DGVRUSWLRQ RI '1$ RQ WKH
VXEVWUDWH  0DWHULDOV UHSRUWHG IRU WKLV W\SH RI LPPRELOLVDWLRQ LQFOXGH QLWURFHOOXORVH
:DQJHWDOQ\ORQPHPEUDQHV:DQJHWDOSRO\VW\UHQHPHWDOVXUIDFHV
3DQJDQG$EUXxDDQGFDUERQ0DUUD]]DHWDO
7ZR GLIIHUHQW DGVRUSWLRQ PHWKRGV DUH GHVFULEHG SK\VLFDO DQG HOHFWURFKHPLFDO
DGVRUSWLRQ
3K\VLFDODGVRUSWLRQLVFDUULHGRXWE\VRDNLQJWKHVXUIDFHZLWKWKHVROXWLRQWKDWQHHGVWR
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WR DWWUDFW LW WR WKH HOHFWURGH VXUIDFH WR LPPRELOLVH WKH FDSWXUH ELRPROHFXOH RQ WKH
VXUIDFH
1HJDWLYHO\ FKDUJHG FROORLGDO JROG QDQRSDUWLFOHV FRQMXJDWHG ZLWK FDSWXUH SUREH
ROLJRQXFOHRWLGHV ZHUH HOHFWURFKHPLFDOO\ DGGUHVVHG WR WKH HOHFWURGH VXUIDFH ZKHQ D
SRVLWLYHSRWHQWLDOZDVDSSOLHG&DPSjVDQG.DWDNLV
)XUWKHUPRUH WKH SDWHQWHG 1DQR&KLS (OHFWURQLF 0LFURDUUD\ E\ 1DQRJHQ XVHV WKLV
WHFKQRORJ\ IRU'1$ LPPRELOLVDWLRQ RQPLFURDUUD\V 1DQRJHQ¶V WHFKQRORJ\ LQYROYHV




VV'1$ FDQ EH UHWDLQHG LQ D PHVK WKDW KDV EHHQ SUHYLRXVO\ LPPRELOLVHG RQ D VROLG
VXSSRUW0HVKHVDUHFKDUDFWHULVHGE\WKHLUODUJHDUHDRIDGVRUSWLRQZKLFKLQFUHDVHVWKH
DPRXQW RI ROLJRQXFOHRWLGH VWUDQGV DWWDFKHG LQFUHDVLQJ WKH VHQVLWLYLW\ RI WKH UHVXOWLQJ
V\VWHP  7KH PDLQ GLVDGYDQWDJH LV WKH ODFN RI ROLJRQXFOHRWLGH RULHQWDWLRQ ZKLFK
GHFUHDVHVWKHDFFHVVLELOLW\WRWKHFDSWXUHGPROHFXOH
7KHSULQFLSDOPDWULFHVXVHGIRUWKLVSXUSRVHDUHSRO\PHUVPHPEUDQHVDQGGHQGULPHV
$ FRQGXFWLQJ SRO\WKLRQLQH PRGLILHG HOHFWURGH DV PDWUL[ WR '1$ LPPRELOLVDWLRQ KDV
EHHQ XVHG IRU'1$ K\EULGLVDWLRQ DQG HOHFWURFKHPLFDO GHWHFWLRQ ;X HW DO  $
SRO\ODFWLF DFLG QDQRILEHUPHPEUDQH KDV EHHQ XVHG DV D VXEVWUDWH IRU ROLJRQXFOHRWLGH
DVVHPEOLHV/L HW DO   $V ZHOO '1$ LPPRELOLVDWLRQ ZDV DFKLHYHG E\ LWV
DGVRUSWLRQRQWRDQ\ORQPHPEUDQHE\3LULYLGRULHWDO
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D UHVHUYRLU RI ROLJRQXFOHRWLGH FDSWXUH SUREHV  7KLV PHWKRG GRHV QRW UHTXLUH WKH








ILUVW IUDFWLRQDWHG WR LVRODWH '1$FRQWDLQLQJ FHOOV  7KH FHOOV DUH WKHQ O\VHG ZLWK
GHWHUJHQWVDQGSURWHLQVDUHGLJHVWHGZLWKSURWHLQDVH.'1$LVSXULILHGIURPWKHO\VDWH
E\ RUJDQLF H[WUDFWLRQ ZLWK SKHQRO DQG FKORURIRUP DQG FRQFHQWUDWHG E\ SUHFLSLWDWLRQ







3&5 LV DPROHFXODU ELRORJ\ WHFKQLTXH XVHG IRU LQ YLWUR UHSOLFDWLRQ RI'1$  3&5 LV
XVHGWRDPSOLI\DVKRUWDQGZHOOGHILQHGSDUWRI'1$VWUDQGDQGIRUWKHODEHOOLQJRIWKLV
'1$VWUDQG





173V WKDW DUH WKH PRQRPHUV WKDW EXLOG WKH QHZ '1$ DUH DOVR QHHGHG  $OO WKHVH
UHDJHQWVKDYHWREHGLVVROYHGLQDEXIIHUWKDWSURYLGHVDVXLWDEOHHQYLURQPHQWIRU'1$
DPSOLILFDWLRQ
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WKH WHPSHUDWXUH LV ORZHUHG IRU WKH K\EULGLVDWLRQ RI WKH SULPHUV RQ WKH VV'1$ WDUJHW
FDOOHG DQQHOOLQJ  $Q DFFXUDWH VHOHFWLRQ RI WKH WHPSHUDWXUH IRU DQQHDOLQJ VWDJH LV
H[WUHPHO\LPSRUWDQWIRUDPSOLILFDWLRQVXFFHVV7KHWHPSHUDWXUHRIWKLVVWHSGHSHQGVRQ
WKHSULPHUVDQGLVXVXDOO\&EHORZWKHLUPHOWLQJWHPSHUDWXUH&)LQDOO\WKH











RI WKH51$ WKDW LV LVRODWHG IURP WKH FHOO WR'1$5HYHUVH WUDQVFULSWLRQ3&5
573&5 LV WKHPHWKRG XVHG WR GLUHFWO\ DPSOLI\ LVRODWH RU LGHQWLI\ D NQRZQ
VHTXHQFHRI51$

 ,QYHUVH 3&5 2QH OLPLWDWLRQ RI FRQYHQWLRQDO 3&5 LV WKDW LW UHTXLUH SULPHUV
FRPSOHPHQWDU\ WR WKH HQG RI WKH WDUJHW'1$ +RZHYHU LQYHUVH 3&5 DOORZV
DPSOLILFDWLRQRIXQNQRZQGRXEOH VWUDQGVHTXHQFHV 7KLV WHFKQLTXH LQYROYHVD
VHULHV RI GLJHVWLRQV DQG VHOIOLJDWLRQV EHIRUH FXWWLQJ E\ DQ HQGRQXFOHDVH
UHVXOWLQJLQNQRZQVHTXHQFHVDWHLWKHUHQGRIWKHXQNQRZQVHTXHQFH
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 1HVWHG3&51HVWHG3&5ZDVGHYHORSHG WR UHGXFH FRQWDPLQDWLRQ LQ SURGXFWV




 $V\PPHWULF 3&5 $V\PPHWULF 3&5 LV XVHG WR SUHGRPLQDQWO\ DPSOLI\ RQH
VWUDQGRIWKHRULJLQDO'1$3&5LVFDUULHGRXWDVXVXDOEXWZLWKDJUHDWH[FHVV
RI WKHSULPHUVIRU WKHFKRVHQVWUDQGDQGGXHWRWKHQRWFRPSOHWHO\H[SRQHQWLDO




SULPHU DQQHDOLQJ E\ ORZHULQJ WKH DQQHDOLQJ WHPSHUDWXUH EHWZHHQ F\FOHVPRUH
JUDGXDOO\














'1$ VHTXHQFHV DQG WKH LPPRELOLVHG FDSWXUH SUREH 7KHUHIRUH WKH RSWLPLVDWLRQ RI
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WKLV VDOW VWDELOLVH WKH WZR QHJDWLYHO\ FKDUJHG EDFNERQH VWUDQGV RI ROLJRQXFOHRWLGH
QHXWUDOLVLQJWKHVHQHJDWLYHFKDUJHVUHGXFLQJWKHUHSXOVLRQDQGVWDELOLVLQJWKHK\EULGLVHG
GXSOH[+\EULGLVDWLRQW\SLFDOO\LVFDUULHGRXWLQ01D&O




 & EHORZ WKH 7P RI WKH GXSOH[  7KLV YDOXH LV GHSHQGHQW XSRQ WKH OHQJWK RI WKH
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7KH LQIOXHQFHRQ7P RI*&SURSRUWLRQ LQ WKH VHTXHQFH LVGXH WR WKH IDFW WKDW&*
EHLQJOLQNHGWKURXJKWKUHHK\GURJHQERQGVZKLOHWKH$7SDLUKDVRQO\WZRK\GURJHQ
ERXQGV7KHUHIRUHDKLJKHUSHUFHQWDJHRI&*FRQIHUVPRUHVWDELOLW\WRWKHFRPSOH[
7KH LQFUHDVH RI WKH VHTXHQFH OHQJWK LQFUHDVHV WKH FRPSOH[LW\ RI WKH PROHFXOH  7KH
FRPSOH[LW\LQKHUHQWLQWKHVHTXHQFHRIWKHPROHFXOHVUHQGHUVWKHDVVRFLDWLRQH[WUHPHO\







0RVW FRPPHUFLDO DYDLODEOH '1$ PLFURDUUD\V XVH IOXRUHVFHQFH WUDQVGXFWLRQ
2OLJRQXFOHRWLGHV DUH ODEHOOHGZLWK UHG DQG JUHHQ IOXRURSKRUHV WR GLVWLQJXLVK EHWZHHQ
VDPSOH DQG FRQWUROV 7KXV IRXU FRORXUV FDQ EH GHWHFWHG LQ D IOXRUHVFHQFH '1$
PLFURDUUD\ JUHHQ LV FRPPRQO\ XVHG IRU FRQWURO GHWHFWLRQ UHG LQGLFDWHV WDUJHW
K\EULGLVDWLRQ \HOORZ IOXRUHVFHQFH UHSUHVHQWV D FRPELQDWLRQ RI FRQWURO DQG VDPSOH
'1$ZKHUH ERWK K\EULGL]HG HTXDOO\ WR WKH FDSWXUH SUREH DQG EODFN UHSUHVHQWV DUHDV
ZKHUHQHLWKHU WKHFRQWUROQRUVDPSOH'1$K\EULGL]HGWRWKHFDSWXUHSUREH(DFKVSRW
RQ DQ DUUD\ LV DVVRFLDWHGZLWK D SDUWLFXODU VHTXHQFH'HSHQGLQJ RQ WKH W\SH RI DUUD\
XVHGWKHORFDWLRQDQGLQWHQVLW\RIDFRORXUZLOOVKRZZKHWKHUWKHJHQHRUPXWDWLRQLV







3ODQDU ZDYHJXLGH IOXRUHVFHQW VHQVRUV +HUURQ HW DO  DQG D ILEHU RSWLFEDVHG
ELRVHQVRU DVVD\ SHUIRUPHG E\ IORZLQJ D VROXWLRQ FRQWDLQLQJ WKH IOXRUHVFHQWO\ WDJJHG
OLJDQGPROHFXOHVRYHUWKH'1$DOUHDG\LPPRELOLVHGKDYHEHHQUHSRUWHG$QGHUVRQHW
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DO  $ IUHTXHQF\GRXEOHG GLRGHSXPSHG XOWUDVKRUW SXOVH <E.*: ODVHU
SURGXFHVVHUYHGDVH[FLWDWLRQVRXUFHIRUDQRSWLFDO'1$VHQVRUEDVHGRQIOXRUHVFHQFH
OLIHWLPH PHDVXUHPHQWV 0DMRU HW DO   2OLJRQXFOHRWLGHV LPPRELOLVHG RQWR WKH
ZDYHJXLGHVXUIDFHZHUHXVHGWRGHWHFWIOXRUHVFHLQODEHOOHGFRPSOHPHQWDU\VHTXHQFHVDW
WKH QDQRPRODU OHYHO *UDKDP HW DO  $OO WKHVH IOXRUHVFHQFH VHQVRUV GHVFULEHG
UHTXLUH WKH SUHYLRXV ODEHO RI WKH VDPSOH  ,Q FRQWUDVW IOXRUHVFHQWPROHFXODU EHDFRQV
SURYLGHD  ODEHOIUHHSODWIRUPDQG  UHDO WLPHGHWHFWLRQRI WKHK\EULGLVDWLRQ0ROHFXODU
EHDFRQV DUH VLQJOHVWUDQGHG ROLJRQXFOHRWLGH SUREHV WKDW SRVVHVV D VWHPDQGORRS




FDXVLQJ IOXRUHVFHQFH WR EH TXHQFKHG E\ HQHUJ\ WUDQVIHU :KHQ WKH FRPSOHPHQWDU\
WDUJHW K\EULGLVHVZLWK WKH EHDFRQ SUREH WKH VWHP LV RSHQHG OHDGLQJ WR UHVWRUDWLRQ RI
IOXRUHVFHQFH  )OXRUHVFHQW PROHFXODU EHDFRQV KDYH EHHQ XVHG LQ VLQJOH ELRVHQVRU WR
PRQLWRUWKHUHDFWLRQG\QDPLFVRIWKH'1$K\EULGL]DWLRQSURFHVV<DRHWDODV
ZHOODVLQDUUD\VIRUGHWHFWLRQRIPXOWLSOHDQDO\WHV<DRDQG7DQ
,Q DGGLWLRQ WR IOXRUHVFHQFH RWKHU NLQGVRI RSWLFDOPHWKRGV DUH XVHG DV WUDQVGXFHUV LQ
'1$ ELRVHQVRUV LQFOXGLQJ FRORXULPHWU\ FKHPLOXPLQHVFHQFH VXUIDFH SODVPRQ
UHVRQDQFH635DQGDWRPLFIRUFHPLFURVFRSH$)0
,Q FRORXULPHWULF WUDQVGXFWLRQ PHWKRGV DQ HQ]\PH LV XVHG IRU GLUHFW ODEHOOLQJ RI WKH
ROLJRQXFOHRWLGHWDUJHWRULQGLUHFWO\WKURXJKDQDIILQLW\LQWHUDFWLRQEHWZHHQDQHQ]\PH
DQWLERG\DQGWKHDQWLJHQODEHOOHGROLJRQXFOHRWLGH (Q]\PHODEHOVUHTXLUHWKHDGGLWLRQ
RI LWV VXEVWUDWH WR SURGXFH D FRORXUHG SURGXFW  7KLV SURFHGXUHZDV FRLQHG (Q]\PH
OLQNHGROLJRQXFOHRWLGHDVVD\ (/21$DQG LW LVZLGHO\DSSOLHG LQFOLQLFDOGLDJQRVWLFV
6FKDDO0DW]
2ORIVVRQHWDOXVHG WKHDEVRUEDQFHFKDQJHV LQGXFHGE\K\EULGLVDWLRQHYHQWV LQ
WKH LQWHUIDFLDO UHJLRQ RI WKH SDUWLFOHV LPPRELOLVHG RQ WKH ZDOOV RI D TXDUW] FXYHWWH
,QWHUDFWLRQRIVWUHSWDYLGLQFDSWXUHSUREHZLWKDYLGLQFRDWHGFROORLGDOJROGSDUWLFOHVDQG
LPPRELOLVDWLRQ RQ D ELRWLQPRGLILHG SODQDU OLSLG ELOD\HU DOORZV IROORZLQJ WKH
K\EULGLVDWLRQNLQHWLFVRIPHUFRPSOHPHQWDU\'1$VWUDQGVZLWKRXWWKHLQWURGXFWLRQ
RIODEHOV
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&KHPLOXPLQHVFHQFH LV WKH HPLVVLRQ RI OLJKW UHVXOWLQJ IURP D FKHPLFDO UHDFWLRQ )RU
H[DPSOHOXPLQRODQGK\GURJHQSHUR[LGHLQWKHSUHVHQFHRIDVXLWDEOHFDWDO\VWSURGXFHG
DPLQRSKWKDODWHLQDQH[FLWHGVWDWH7KHGHFD\RIWKHH[FLWHGVWDWHLVDFFRPSDQLHGE\





RQ IXUWKHU R[LGDWLRQE\K\GURJHQSHUR[LGH SURGXFHV D WULSOHW H[FLWHG FDUERQ\OZKLFK
HPLWV OLJKWZKHQ LW GHFD\V '1$ SUREHV FRYDOHQWO\ LPPRELOLVHG RQWR WKH HQG RI WKH
RSWLFDO ILEUH ZDV K\EULGLVHG ZLWK D +53 ODEHOOHG FRPSOHPHQWDU\ WDUJHW DQG WKH
K\EULGLVDWLRQZDVGHWHFWHGE\FKHPLOXPLQHVFHQFH=KDQJHWDO
7KH HOHFWURFKHPLOXPLQHVFHQFH FRPELQHV RSWLFV DQG HOHFWURFKHPLVWU\ REWDLQLQJ KLJK
VHQVLWLYLW\ /XPLQROJHQHUDWHGE\DFDUERQHOHFWURGHDQGDSRO\S\UUROHFRDWHGFDUERQ
HOHFWURGH ZDV XVHG IRU WKH HOHFWURFKHPLOXPLQHVFHQFH GHWHFWLRQ RI WKH K\EULGLVDWLRQ
EHWZHHQ D FRPSOHPHQWDU\ VV'1$ SUREH FRYDOHQWO\ OLQNHG WR D SRO\S\UUROH VXSSRUW
&DOYR1XxH]HWDO
6XUIDFH SODVPRQ UHVRQDQFH 635 LV D ZLGHO\ XVHG RSWLFDO WHFKQLTXH IRU WKH





WKH IUHH HOHFWURQV LQ WKH JROG IOXFWXDWH 7KLV HOHFWURQ IOXFWXDWLRQ JLYHV FKDUJH
IOXFWXDWLRQV LQ WKH PHWDO 7KH PHWDO OD\HU LV YHU\ WKLQ DQG WKHUHIRUH WKH FKDUJH
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IOXFWXDWLRQVDUHRQO\ WDNLQJSODFHDW WKH VXUIDFHDQGFDXVHDQHOHFWURPDJQHWLF VXUIDFH
ZDYH FDOOHG VXUIDFH SODVPD RVFLOODWLRQV  635 LV GHWHFWHG E\ PHDVXUHPHQW RI WKH
LQWHQVLW\RI WKH UHIOHFWHG OLJKW$W WKH635DQJOHDGLS LQ LQWHQVLW\ LVPHDVXUHG 7KH
UHIUDFWLYH LQGH[RI WKHVHQVRUVXUIDFHFKDQJHVXSRQELQGLQJRIPDFURPROHFXOHV WR WKH
VXUIDFH $V D UHVXOW WKH 635 ZDYH ZLOO FKDQJH DQG WKHUHIRUH WKH DQJOH ZLOO FKDQJH









IRUFHV EHWZHHQ WKH WLS DQG WKH VDPSOH OHDG WR D GHIOHFWLRQ RI WKH FDQWLOHYHU ZLFK LV









3LH]RHOHFWULF WUDQVGXFHUV KDYH EHHQ LQFRUSRUDWHG LQ '1$ ELRVHQVRUV  7KLV NLQG RI
WUDQVGXFHUKDV WKHDGYDQWDJHRIKLJKVHQVLWLYLW\ZLWKRXW UHTXLULQJDQ\ ODEHOOLQJRI WKH
LQWHUDFWLQJ FRPSRQHQWV 7KH PRVW XVHG SLH]RHOHFWULF UHDGRXW LV WKH TXDUW] FU\VWDO
PLFUREDODQFH4&07KLVGHYLFHPHDVXUHVPDVVE\GHWHFWLQJWKHFKDQJHLQIUHTXHQF\
RI D SLH]RHOHFWULF TXDUW] FU\VWDOZKHQ LW LV GLVWXUEHG E\ WKH DGGLWLRQ RI D VPDOOPDVV
VXFK DV ROLJRQXFOHRWLGH VWUDQG ,W FDQ ZRUN LQ YDFXXP RU OLTXLG HQYLURQPHQW WKXV
PDNLQJLWXVHIXOWRGHWHUPLQHWKHSURSHUWLHVRISRO\PHUVDQGDGKHVLRQRISURWHLQV6LQFH
IUHTXHQF\PHDVXUHPHQWV FDQ EH PDGH WR KLJK SUHFLVLRQ LW LV HDV\ WR PHDVXUH VPDOO
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PDVVHV 7KH FRUUHODWLRQ EHWZHHQ PDVV DQG IUHTXHQF\ LV GHILQHG E\ WKH 6DXHUEUH\
HTXDWLRQ$4&0'1$VHQVRUZDVGHYHORSHG LPPRELOLVLQJD WKLRODWHGVV'1$SUREH
RQWR WKH 4&0 VHQVRU VXUIDFH WKURXJK D VHOIDVVHPEO\ SURFHVV  +\EULGLVDWLRQ ZDV
LQGXFHGE\H[SRVLQJWKHVV'1$SUREHWRWKHELRWLQODEHOOHGFRPSOHPHQWDU\WDUJHW'1$
DQG GHWHFWHG E\ WKH IUHTXHQF\ FKDQJH 6WUHSWDYLGLQ FRQMXJDWHG )H2 QDQRSDUWLFOHV
ZHUH XVHG DV PDVV HQKDQFHUV WR DPSOLI\ WKH IUHTXHQF\ FKDQJH 0DR HW DO 
'HWHFWLRQ RI '1$ K\EULGLVDWLRQ ZDV DOVR SHUIRUPHG E\ 4&0 RQ D SODWLQXP TXDUW]
FU\VWDO PRGLILHG ZLWK VV'1$ SUREH LPPRELOLVHG RQ JROG QDQRSDUWLFOHV /LX HW DO




6XUIDFH DFRXVWLFZDYH 6$: LV DQ DOWHUQDWLYHSLH]RHOHFWULF WUDQVGXFHU WKDWZDVXVHG






:KHUHDV RSWLFDO GHWHFWLRQ PHWKRGV ZLWK IOXRUHVFHQW G\HV KDYH GRPLQDWHG WKH '1$
VHQVRU LQGXVWU\ DQG SLH]RHOHFWULF WHFKQLTXHV FDQ DFKLHYH ORZ OLPLWV RI GHWHFWLRQ WKH
DSSOLFDWLRQ RI HOHFWURFKHPLFDO PHWKRGV FDQ SURYLGH VLJQLILFDQW DGYDQWDJHV LQFOXGLQJ
KLJK VHQVLWLYLW\ VPDOO GLPHQVLRQV ORZ FRVW VSHHG HDV\ VLJQDO LQWHJUDWLRQ DQG
FRPSDWLELOLW\ ZLWK PLFURIDEULFDWLRQ WHFKQRORJ\ 3DODFHN  3RSRYLFK DQG 7KRUS





UHIHUHQFH HOHFWURGH  '1$ K\EULGLVDWLRQ RQ FDUERQ SDVWH HOHFWURGHV ZDV GHWHFWHG E\
VWULSSLQJSRWHQWLRPHWULFPHDVXUHPHQWRIHOHFWURDFWLYHPHWDOFRPSOH[HVDVVRFLDWHGZLWK
VXUIDFHK\EULGV:DQJHWDOE
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PHWKRG IRU WKH LQWURGXFWLRQ RI SRO\DPLQHPRGLILHG F\WLGLQH XQLWV LQWR SUHGHWHUPLQHG




FDOOHG FKURQRDPSHURPHWU\ DQG ZKHQ WKH SRWHQWLDO PD\ YDU\ ZLWK WLPH LQ D
SUHGHWHUPLQHG PDQQHU DQG WKH FXUUHQW LV PHDVXUHG DV D IXQFWLRQ RI SRWHQWLDO WKDW LV
FDOOHGYROWDPPHWU\RUYROWDPSHURPHWU\
&KURQRDPSHURPHWU\JHQHUDOO\ LQYROYHV WKHXVHRI DQ HQ]\PHDVELRPDUNHUPROHFXOH
$VKDVEHHQH[SODLQEHIRUH LQ WKLV VHFWLRQ VRPHFRORXULPHWULFGHWHFWLRQDOVR LQYROYHV
WKH XVH RI HQ]\PH ODEHOV DQG DUH XVXDOO\ WKH VDPH HQ]\PHV XVHG LQ HOHFWURFKHPLFDO
GHWHFWLRQ+RZHYHUGXHWRWKHKLJKHUVHQVLWLYLW\RIHOHFWURFKHPLVWU\WHFKQLTXHORZHU
OLPLWVRIGHWHFWLRQDUHDFKLHYHGZLWKWKHVHWHFKQLTXHVFRPSDUHGWR(/21$&DPSEHOO
HW DO  UHSRUWHG DQ HQ]\PH '1$ VHQVLQJ WHFKQLTXH LQYROYLQJ WKH
HOHFWURSRO\PHULVDWLRQRIDUHGR[SRO\PHUZKHUHDPLQRODEHOOHGROLJRQXFOHRWLGHVZHUH






RIDQ LQVROXEOHSURGXFWRQ WKHVXUIDFHDOORZLQJ ORZHU OLPLWRIGHWHFWLRQQR3&5SUH
DPSOLILFDWLRQ3DWROVN\HWDO
9DULRXV YROWDPPHWULF WHFKQLTXHV KDYH EHHQ UHSRUWHG LQ '1$ ELRVHQVRUV  &\FOLF
YROWDPSHURPHWU\ZDVXVHG WRGHWHFWPHWK\OHQHEOXH LQWHUFDODWHG LQ WKHGV'1$ 7KLV
GHWHFWLRQ ZDV FDUULHG RXW RQ D PXOWLHOHFWURGH DUUD\ WKDW ZDV DEOH WR GLVWLQJXLVK
SHUIHFWO\PDWFKHG GV'1$V IURP ERWK VV'1$V DQG GVPLVPDWFKHG'1$ &KR HW DO
 'LIIHUHQWLDOSXOVHYROWDPSHURPHWU\ZDVXVHGWRGHWHFW WKHLQWHUDFWLRQRI'1$
ZLWK UHGR[DFWLYH SKHQDQWUROLQHGLRQH RVPLXP FRPSOH[ 'HO 3R]R HW DO
  6HYHUDO RWKHU LQJHQLXRX PHWKRGV KDYH EHHQ XVHG WR PRQLWRU GLUHFWO\ RU
LQGLUHFWO\ K\EULGLVDWLRQ 6TXDUH ZDYH YROWDPPHWU\ XVLQJ PHWK\OHQH EOXH DV
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VXUIDFHV 6LQJKDO DQG .XKU  RU LRQ WUDQVIHU YROWDPPHWU\ PRQLWRULQJ WKH
FRQFHQWUDWLRQ RI FDWLRQV LQ VROXWLRQ ZKLFK WR GHFUHDVH LQ WKH SUHVHQFH RI '1$
+RUURFNV DQG 0LUNLQ  $QRGLF VWULSSLQJ YROWDPPHWU\ ZDV XVHG WR GHWHFW WKH




(OHFWURFKHPLFDO LPSHGDQFH LVPHDVXUHG E\ DSSO\LQJ DQ DOWHUQDWLQJ FXUUHQW $& DW D
IL[HG SRWHQWLDO WR DQ HOHFWURFKHPLFDO FHOO DQGPHDVXULQJ WKH FXUUHQW WKURXJK WKH FHOO
7KH UHVSRQVH LV DQ $& FXUUHQW VLJQDO FRQWDLQLQJ WKH H[FLWDWLRQ IUHTXHQF\ DQG LWV
KDUPRQLFV(OHFWURFKHPLFDO ,PSHGDQFH LVQRUPDOO\PHDVXUHGXVLQJD VPDOO H[FLWDWLRQ
VLJQDO DQG WKH FLUFXLW DELOLW\ WR UHVLVW WKH IORZ RI HOHFWULFDO FXUUHQW LVPHDVXUHG  $Q
LPSHGDQFH VSHFWUXP LV D UHSUHVHQWDWLRQ RI WKH LPSHGDQFH RI D FLUFXLW HOHPHQW DV D
IXQFWLRQRIIUHTXHQF\$'1$VHQVRUEDVHGRQGRXEOHOD\HUFDSDFLWDQFHYDULDWLRQVGXH
WR'1$K\EULGLVDWLRQZDVGHYHORSHG %UHWW HW DO 0DHW DO 3HQJHWDO
 GHVFULEHG DQ LPSHGDQFH VHQVRU EDVHG RQ WKH GHWHFWLRQ RI ROLJRQXFOHRWLGH
K\EULGLVHG E\ LQFRUSRUDWLQJ &G6 QDQRSDUWLFOHV RQ WKH GV'1$ +RZHYHU WKH PRVW
ZLGHO\DSSOLHGPHWKRGRORJ\IRULPSHGDQFHGHWHFWLRQRIELRPROHFXOHVLQWHUDFWLRQLVWKH
XVHRI IHUURF\DQLGHIHUULF\DQLGHVROXWLRQ 7KHFKDQJHRQ WKHHOHFWURGHVXUIDFHGXH WR
K\EULGLVDWLRQHYHQWUHYHDOVDQLQFUHDVHLQWKHHOHFWURQWUDQVIHUUHVLVWDQFHDWWKHHOHFWURGH
VXUIDFHXSRQWKHFRQVWUXFWLRQRIWKHGRXEOHVWUDQGHGDVVHPEO\7KLVLVDWWULEXWHGWRWKH
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7KHGDWD DQDO\VLV HYDOXDWHV WKH DEXQGDQFHRI HDFK WUDQVFULSW UHSUHVHQWHGRQ WKH DUUD\
DQGODEHOVLWDVHLWKHUSUHVHQWDEVHQWRUPDUJLQDO7KHDOJRULWKPLGHQWLILHVDQGUHPRYHV
WKH FRQWULEXWLRQVRI VWUD\K\EULGLVDWLRQ VLJQDOV DQG FRPELQHV WKH UHVXOWV IURPSUREHV
WKDWLQWHUURJDWHGLIIHUHQWIUDJPHQWVRIDWUDQVFULSW 7KHVWDWLVWLFDOVLJQLILFDQFHRIHDFK
GHWHFWLRQFDOOLVLQGLFDWHGE\DQDVVRFLDWHGYDOXH
7KH DOJRULWKP DOVR SURYLGHV LQGLFDWRUV RI VDPSOH LQWHJULW\ DVVD\ H[HFXWLRQ DQG
K\EULGLVDWLRQSHUIRUPDQFH WKURXJK WKH DVVHVVPHQWRI FRQWUROK\EULGLVDWLRQ7KHUHIRUH
XVHUV FDQ GHWHUPLQH WKH TXDOLW\ RI WKH UDZ GDWD DQG WDLORU VXEVHTXHQW DQDO\VHV
DFFRUGLQJO\  $GGLWLRQDOO\ WKLV VRIWZDUH FDQ JURXS WRJHWKHU VDPSOHV RU JHQHV ZLWK
VLPLODU H[SUHVVLRQ SDWWHUQV 7KHVH DOJRULWKPV FDQ EH XVHG WR DGGUHVV D YDULHW\ RI







WUDQVGXFWLRQRIIHUVVRPHDGYDQWDJHV WKDWPDNHLWFRPSHWLWLYH IRU WUDQVGXFWLRQRI'1$
DUUD\V+RZHYHUWKHPDMRULW\RIWKHH[DPSOHVGHVFULEHGUHTXLUHWKHSUHYLRXVODEHOOLQJ
RI WKH WDUJHW IRU LWVGHWHFWLRQ 7KHQHFHVVLW\ WRPRGLI\ WKH WDUJHW'1$ZLWK ODEHOV LV
FRVWO\ODERULRXVDQGUHTXLUHVVNLOOHGSHUVRQQHO+RZHYHUODEHOOLQJLVDQHIIRUWOHVVSDUW
RIVDPSOHSUHSDUDWLRQZKHQ3&5DPSOLILFDWLRQLVXVHG)RUWKLVUHDVRQZKHQODEHOHVV
HOHFWURFKHPLFDO GHWHFWLRQ LV GLVFXVVHG LW RQO\ KDV VHQVHZKHQ LW DOVR SURYLGHV D ORZ
GHWHFWLRQ OLPLW ,Q WKLV VHFWLRQGLIIHUHQW VWUDWHJLHV IRU HOHFWURFKHPLFDO ODEHO IUHH'1$
GHWHFWLRQDUHGHVFULEHG
6RPH H[DPSOHV KDYH DOUHDG\ EHHQ FRPPHUFLDOLVHG  7KH ILUVW H[DPSOH ZDV WKH
H6HQVRU70IDEULFDWHGE\0RWRUROD/LIH6FLHQFH,QF)DUNDV7KLVHOHFWURFKHPLFDO
'1$VHQVRUSURFHHGVYLDDVDQGZLFKK\EULGLVDWLRQDVVD\LQZKLFKWKUHH'1$VWUDQGV
DUH LQYROYHG  7KLRO FDSWXUH SUREH LV VHOIDVVHPEOHG RQ JROG HOHFWURGH ZKHUH LW LV
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WR GHWHFW WKH WDUJHW XSRQ K\EULGLVDWLRQ 2WKHU H[DPSOHV RI HOHFWURFKHPLFDO VDQGZLFK
'1$ VHQVRUV XVLQJ GLPHWK\OFDUEDP\O IHUURFHQH <X HW DO  RU FROORLGDO JROG
QDQRSDUWLFOHVDVODEHOV2]VR]HWDOZHUHUHSRUWHG
)UL]ELRFKHPFRPPHUFLDOLVHGWKH(''$70(OHFWULFDOO\'HWHFWHG'LVSODFHPHQW$VVD\
IRU VLQJOH QXFOHRWLGH SRO\PRUSKLVP 613 GHWHFWLRQ  7KH VHQVRU ZDV EDVHG RQ
GLVSODFHPHQWRIWKHWDUJHWK\EULGLVHGZLWKWKHFDSWXUHSUREHWKDWFRQWDLQVWKH613ZLWK
DODEHOOHGFRPSOHPHQWDU\ROLJRQXFOHRWLGH/LHSROGHWDO
7RVKLED &RPSDQ\ GHYHORSHG WKH *HQHO\]HU70  7KLV '1$ VHQVRU LV EDVHG RQ WKH
HOHFWURFKHPLFDO GHWHFWLRQ RI WKH +RHFKVW  PROHFXOH¶V LQWHUFDODWLRQ LQWR WKH
GV'1$ +DVKLPRWR HW DO   :KHQ DQ LQWHUFDODWRU VXFK DV +RHFKVW RU
GDXQRP\FLQ:DQJHWDOZDVLQVHUWHGEHWZHHQWKHGRXEOHKHOL[VWUXFWXUHRIWKH
GV'1$ZLWK WKHKHOSRI LWVSODQDUDURPDWLF ULQJ DQHQKDQFHPHQW LQ WKH UHGR[ VLJQDO
ZDV REVHUYHG  ,Q FRQWUDVW VRPH LQWHUFDODWRUV VXFK DV PHWK\OHQH EOXH KDYH DIILQLW\
WRZDUGV VV'1$ VR D GHFUHDVH RI HOHFWURFKHPLFDO VLJQDO ZDV REVHUYHG DIWHU






WKHLU '1$ VHQVRU WKH H3OH[70 ZKLFK FDQ GHWHFW VLQJOH QXFOHRWLGH SRO\PRUSKLVPV




FXUUHQW  7KLV SUREOHP ZDV RYHUFRPH E\ UHPRYLQJ WKH VRXUFHV RI EDFNJURXQG




UHSRUWHG  $UPLVWHDG DQG 7KRUS  XVHG D SRO\SLU\GLO FRPSOH[ RI RVPLXP DQG
UXWKHQLXP WRPHGLDWH WKH HOHFWURFKHPLFDO R[LGDWLRQ RI JXDQLQH WR GHWHFW '1$ WDUJHW
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)DQ HW DO  UHSRUWHG WKH UHDOLVDWLRQ RI DQ HOHFWURFKHPLFDO VHQVRU LQYROYLQJ D
PROHFXODUEHDFRQVWUDWHJ\7KHPROHFXODUEHDFRQZDVDIHUURFHQHODEHOOHG'1$VWHP±
ORRSVWUXFWXUHWKDWVHOIDVVHPEOHVRQWRJROG+\EULGLVDWLRQLQGXFHGWKHRSHQLQJRIWKH
VWHPORRSZKLFK LQ WXUQ VLJQLILFDQWO\ DOWHUHG WKH HOHFWURQWUDQVIHU WXQQHOOLQJ GLVWDQFH
EHWZHHQWKHHOHFWURGHDQGWKHIHUURFHQHODEHO7KHUHVXOWLQJFKDQJHLQHOHFWURQWUDQVIHU
HIILFLHQF\ LV UHDGLO\PHDVXUHGE\F\FOLFYROWDPPHWU\DW WDUJHW'1$FRQFHQWUDWLRQVDV
ORZDVS0
7KHSURGXFWLRQRILQVROXEOHSURGXFWVZDVXVHGE\3DWROVN\HWDOWRGHWHFW'1$
K\EULGLVDWLRQ  EURPRFKORURLQGRO SKRVSKDWH LV HQ]\PDWLFDOO\ FRQYHUWHG WR DQ
LQVROXEOHLQGLJRSURGXFW7KH'1$WDUJHWZDVGHWHFWHGWKURXJKDVDQGZLFKDVVD\ZLWK
D WKLUG ROLJRQXFOHRWLGH ODEHOOHG ZLWK DONDOLQH SKRVSKDWDVH $/3  :KHQ $/3 LV
DWWDFKHG LQGLJR SURGXFW ZDV SUHFLSLWDWHG DQG WKH HOHFWURFKHPLFDO UHVSRQVH RI
IHUULF\DQLGH LQ VROXWLRQGHFUHDVHG $GHWHFWLRQ OLPLW RI  I0ZDV DFKLHYHG WKURXJK
WKLVPHWKRG
'1$ K\EULGLVDWLRQ RQ WKH HOHFWURGH VXUIDFH LQGXFHG D YDULDWLRQ RI HOHFWURQ WUDQVIHU
UHVLVWDQFHDQGFDSDFLWDQFHRI WKHVXUIDFH WKDWPDNH LWGHWHFWDEOHD ODEHOIUHH WDUJHWE\
LPSHGDQFH+DVRQHWDO.DW]DQG:LOOQHU
0RUHRYHU ILHOG HIIHFW VHQVRUV ZHUH XVHG WR GLUHFWO\ PRQLWRU WKH LQFUHDVH LQ VXUIDFH
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&9 ,QWHUFDODWRU I0 7DQVLOHWDO
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'1$ 'HR[\ULERQXFOHLF DFLG ELRVHQVRUV DUH WKH VXEMHFW RI LQWHQVH UHVHDUFK DQG
GHYHORSPHQW ZKLFK KDV \LHOGHG VHYHUDO FRPPHUFLDO SODWIRUPV  7KH UHVXOWV RI WKH
KXPDQ JHQRPH SURMHFW LQFUHDVH IXUWKHU WKH SRVVLEOH DSSOLFDWLRQV RI WKHVH ELRVHQVRUV
+RZHYHUWKH'1$VHTXHQFHLQIRUPDWLRQSURYLGHVDVWDWLFSLFWXUHRIWKHSRVVLELOLWLHVLQ
ZKLFK WKHFHOOPLJKWXVH LWVSURWHLQVEXWFHOO OLIH LVDG\QDPLFSURFHVV 7KHUHIRUHDQ
LPSRUWDQWYDOXHRIWKHJHQHWLFLQIRUPDWLRQOLHVLQLWVDELOLW\WRSUHGLFWWKHRXWFRPHWKH
SKHQRW\SH  1HYHUWKHOHVV WKH WUDQVODWLRQ RI 51$ 5LERQXFOHLF DFLG OHDGV WR D







0LFURDUUD\ WHFKQRORJ\ SURYLGHV D WRRO WR DQDO\VH D ODUJH QXPEHU RI PROHFXOHV
VLPXOWDQHRXVO\$QWLERG\EDVHGPLFURDUUD\VDUHEHLQJGHYHORSHG IRU WKHDQDO\VLVRID
ODUJHQXPEHURISURWHLQV 'RYH5DQGR[ ODERUDWRULHV ODXQFKHG WKH ILUVWSURWHLQ
DUUD\LQQHYHUWKHOHVVSURWHRPLFVWKHGLUHFWGHWHFWLRQRIJHQHH[SUHVVLRQSURGXFWV
SRVHVD IRUPLGDEOH WHFKQRORJLFDOSUREOHP $V LVH[SRVHG LQ WKLV VHFWLRQPLFURDUUD\V
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$SWDPHUV DUH VPDOO V\QWKHWLF ROLJRQXFOHRWLGHV  EDVHV LVRODWHG IURP UDQGRP
FRPELQDWRULDO OLEUDULHV PRVW FRPPRQO\ E\ H[SRQHQWLDO HQULFKPHQW FDOOHG 6(/(;
6\VWHPDWLF(YROXWLRQRI/LJDQGVE\(;SRQHQWLDO HQULFKPHQW $VD UHVXOW DXQLTXH
WKUHHGLPHQVLRQDOVWUXFWXUHIRUWKHELQGLQJRIWKHLUWDUJHWFDQEHGHWHFWHG$SWDPHUVFDQ
VSHFLILFDOO\UHFRJQLVHDQGELQGWRYLUWXDOO\DQ\NLQGRIWDUJHWLQFOXGLQJLRQV6PLURQRY
DQG 6KDIHU  ZKROH FHOOV )DPXORN HW DO  GUXJV 9DUDQL DQG *DOOHJR
WR[LQV-D\DVHQDORZPROHFXODUZHLJKWOLJDQGV)DPXORNSHSWLGHV
:LOVRQDQG6]RVWDNDQGSURWHLQV0F&DXOH\
7KH DIILQLW\ RI DSWDPHUV GHSHQGV RQ WKH NLQG RI WDUJHW  $SWDPHUV DJDLQVW VPDOO
PROHFXOHVKDYHDIILQLWLHVLQWKHPLFURPRODUUDQJHDVLQWKHFDVHRIGRSDPLQHµ0
/RUVFK DQG 6]RVWDN  RU $73  µ0 .LJD HW DO   $IILQLWLHV LQ WKH
QDQRPRODUDQGVXEQDQRPRODUUDQJHDUHIRXQGDJDLQVWVRPHODUJHPROHFXOHVDVSURWHLQV








UHSRUWHG E\*LHJHU HW DO ZKHQ/ DQG'DUJLQLQHZHUH GLVFULPLQDWHG7KH KLJK





VHOHFWLRQDQGDPSOLILFDWLRQ WR LVRODWH WKHHQ]\PDWLF51$ZKLFKEHFDPHWKHEDVLVIRU
WKHFXUUHQWLQYLWURVHOHFWLRQRIDSWDPHUV7KHQWKH*ROGJURXSZDVWU\LQJWRLGHQWLI\LQ
YLWURWKHVHTXHQFHVRI7'1$SRO\PHUDVH7XHUNDQG*ROG7KHOLEUDU\WKH\
FUHDWHGZDVEDVHGRQ WKHQDWXUDO VWUXFWXUH EXWZLWK WKH HLJKWORRS UDQGRPLVHG 7KH\
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DEOH WR LGHQWLI\ WKH QDWXUDO WDUJHW RI WKH HQ]\PH DV WKH SUHGRPLQDQW 7KH DXWKRUV
SDWHQWHGWKHLUSURFHVV$PRQWKODWHU6]RVWDNDQG(OOLQJWRQUHSRUWHGWKHXVHRILQYLWUR
VHOHFWLRQ WR LVRODWH PROHFXOHV ZLWK VSHFLILF OLJDQG ELQGLQJ DFWLYLWLHV (OOLQJWRQ DQG
6]RVWDN7KH\FUHDWHGDOLEUDU\ZLWKQXFOHRWLGHVRIUDQGRPLVHGVHTXHQFHV
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$SWDPHUV KDG EHHQ LQLWLDOO\ GHYHORSHG ZLWK '1$ RU 51$ PROHFXOHV IRU D GLUHFW




7KH ZRUG VSLHJHOPHU FRPHV IURP WKH *HUPDQ ZRUG VSLHJHO ZKLFK PHDQV ³PLUURU´
7KHVHNLQGVRIPROHFXOHVDUHWKHPLUURULPDJHRIDSWDPHUV,QQDWXUHQXFOHLFDFLGVDUH
FRPSRVHGRI'QXFOHRWLGHVDQGQXFOHDVHV WKHQXFOHLFDFLGGHJUDGLQJHQ]\PHDUH/
DPLQR DFLGV &RQVHTXHQWO\ WKH VWUXFWXUH RI QXFOHDVHV LV DOVR LQKHUHQWO\ FKLUDO WKXV
UHVXOWLQJ LQ VWHUHRVSHFLILF VXEVWUDWH UHFRJQLWLRQ +HQFH WKHVH HQ]\PHV RQO\ DFFHSW
VXEVWUDWHPROHFXOHV LQ WKHFRUUHFW FKLUDO FRQILJXUDWLRQ 7KHUHIRUH/ROLJRQXFOHRWLGHV
VSLHJHOPHUVVKRXOGHVFDSHIURPHQ]\PDWLFUHFRJQLWLRQDQGVXEVHTXHQWGHJUDGDWLRQ
+RZHYHUGXHWRWKLVVDPHSULQFLSOHQDWXUHGHYHORSHGQRHQ]\PDWLFDFWLYLW\WRDPSOLI\










DSWDPHU EHDFRQ H[LVWV LQ D TXHQFKHG VWHPORRS VWUXFWXUH LQ WKH DEVHQFH RI D WDUJHW
PROHFXOH )RUPDWLRQ RI WKH DSWDPHU EHDFRQWDUJHWPROHFXOH FRPSOH[ZRXOG DOWHU WKH
HTXLOLEULXP EHWZHHQ TXHQFKHG DQG XQTXHQFKHG VWUXFWXUHV JHQHUDWLQJ D FKDQJH LQ
REVHUYHGIOXRUHVFHQFHLQWHQVLW\)LJXUH 7KHILUVWDSWDPHUEHDFRQZDVGHYHORSHG
E\<DPDPRWRHWDOWRGHWHFW7DWSURWHLQRI+,9
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)LJXUH 6FKHPDWLFGUDZVRIVLJQDOOLQJPHFKDQLVP E\ WKURPELQDSWDPHUEHDFRQ)LJXUHDFTXLUHG
IURPWKHDUWLFOH+DPDJXFKLHWDO  D$SWDPHUEHDFRQ LQTXHQFKHGVWHPORRSFRQIRUPDWLRQE
8QIROGHG FRQIRUPDWLRQ F $SWDPHU LQ *TXDUWHW FRQIRUPDWLRQ ZKLFK DOORZV WKURPELQ ELQGLQJ G








'1$ FDSWDPHUV KDYH EHHQ GHPRQVWUDWHG LQ   DQG KHDGHG YHUVLRQV IRFXVVLQJ
XSRQ WKH SOHLRWURSLF DFWLYLW\ WKDW FDQ EH REWDLQHG E\ FRPELQLQJ GLIIHUHQW IXQFWLRQV
WRJHWKHU 'L*LXVWRDQG.LQJ7KHVHVFDIIROGVSURYLGHD IUDPHZRUNIRUVSDWLDO
RULHQWDWLRQ DOORZLQJPXOWLSOHELQGLQJDFWLYLWLHV WREHFRPELQHG LQWR VLQJOHPROHFXOHV
)LJXUH   7KHLU FLUFXODU VWUXFWXUH LPSDUWV ERWK HQKDQFHG WKHUPDO VWDELOLW\ DQG
H[RQXFOHDVHUHVLVWDQFH

)LJXUH&DSWDPHUV IRU WKHGHWHFWLRQRIKXPDQ WKURPELQE\SUR[LPLW\ H[WHQVLRQ )LJXUHREWDLQHG
IURPWKHDUWLFOH'L*LXVWRHWDO
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RWKHU 51$V EXW V\QWKHWLF ULER]\PHV KDYH DOVR EHHQ IRXQG WKDW IXQFWLRQ DV
SRO\PHUDVHVGHSKRVSKRU\ODVHVDQGUHVWULFWLRQHQGRULERQXFOHDVHV&HFKHWDO
7KH ULER]\PHGHR[\ULER]\PH OLQNHG WR DQ DSWDPHU LV FDOOHG DOORVWHULF
ULER]\PHGHR[\ULER]\PHRU DSWD]\PH )LJXUH 7KLV V\VWHPXQGHUJRHVDOWHUDWLRQ
RI WKH FDWDO\WLF DFWLYLW\ LQ WKH SUHVHQFH RI DPROHFXOH ELQGLQJ WR D UHFHSWRU VLWH WKH
DSWDPHU ,Q WKLV ZD\ DSWD]\PHV GLUHFWO\ WUDQVGXFH PROHFXODU UHFRJQLWLRQ LQWR D
TXDQWLILDEOH FDWDO\WLF HYHQW   $SWD]\PHV KDYH EHHQ DGDSWHG WR DQ DUUD\ WKDW
GLVFULPLQDWHGEHWZHHQYDULRXVPHWDEROLWHV6HHWKDUDPDQHWDO)XUWKHUPRUHWKLV
NLQG RI DSWDPHUZDV XVHG WR FRQVWUXFW FDWDO\WLFPROHFXODU EHDFRQV 6WRMDQRYLF HW DO












7KH VWUXFWXUH FRQVLVWV RI D VHOIFOHDYLQJ KDPPHUKHDG ULER]\PH ZLWK DQ LQWHUQDO VWHP UHSODFHG E\ DQ
DSWDPHU VHTXHQFH ³$´ 8SRQ ELQGLQJ WKH OLJDQG ³/´ WKH DSWDPHU EHFRPHV ZHOORUGHUHG
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&KHPLFDO PRGLILFDWLRQV RI '1$ PROHFXOHV KDYH EHHQ FDUULHG RXW WR LQFUHDVH WKHLU
VWDELOLW\31$KDVEHHQPHQQHGLQDSUHYLRXVVHFWLRQ
$QRWKHU FKHPLFDO DOWHUQDWLYH WR WKH ULERVH VXJDU EDFNERQH LV WKH ¶¶α/WKUHRVH




JLYHQ WKDW WKH 71$ UHSHDW XQLW LV RQH DWRP VKRUWHU WKDQ WKDW RI '1$ RU 51$
)XUWKHUPRUHSURWHLQSRO\PHUDVHVFDQLQFRUSRUDWH71$PRQRPHUVE\SULPHUH[WHQVLRQ
RQ '1$ WHPSODWHV &KDSXW DQG 6]RVWDN  DQG FDQ DOVR XVH 71$ WR WHPSODWH










$QRWKHUZD\ WRPRGLI\ WKH ROLJRQXFOHRWLGH VWUXFWXUH LV WR LQWURGXFH VXOSKXU LQWR WKH
PROHFXOH E\ XVLQJ SKRVSKRURWKLRDWH ROLJRQXFOHRWLGHV ILJXUH  ,QFRUSRUDWLRQRI D
WKLRHWKHULQWRWKH¶VXEVWLWXWHQWRIVV'1$KDVUHVXOWHGLQLPSURYHGELQGLQJWRKXPDQ
VHUXPDOEXPLQ3UDNDVKHWDO.DZDNDPLDQG6XJLPRWRFDUULHGRXWDQ
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3HSWLGH DSWDPHUV SDSWDPHUV WKLRUHGR[LQLQVHUW SURWHLQV 7,3V DUH SURWHLQV WKDW DUH
GHVLJQHGWRLQWHUIHUHZLWKRWKHUSURWHLQLQWHUDFWLRQVLQVLGHFHOOV7KHVHDUHDOVRUHIHUHG
WR DV DSWDPHUV EHFDXVH WKH\ZHUH GHYHORSHG WKURXJK D FRPELQDWRULDO OLEUDU\ WR ELQG
ZLWKSURWHLQV
,W FRQVLVW RI D YDULDEOH SHSWLGH ORRS DWWDFKHG DW ERWK HQGV WR D SURWHLQ VFDIIROG 7KH
YDULDEOH ORRS OHQJWK LV W\SLFDOO\ FRPSULVHG RI  WR  DPLQR DFLGV DQG WKH VFDIIROG
PD\ EH DQ\ SURWHLQ ZKLFK KDV JRRG VROXELOLW\ DQG FRPSDFW IROGLQJ &XUUHQWO\ WKH
EDFWHULDO SURWHLQ 7KLRUHGR[LQ$ LV WKH PRVW XVHG VFDIIROG SURWHLQ WKH YDULDEOH ORRS
EHLQJLQVHUWHGZLWKLQWKHUHGXFLQJDFWLYHVLWHZKLFKLVD&\V*O\3UR&\V&\VWHLQH
*O\FLQH3URODPLQ&\VWHLQH ORRS LQ WKHZLOG SURWHLQ  6HOHFWLRQ RI /LJDQG5HJXODWHG
3HSWLGH$SWDPHUV/L53$VKDVEHHQGHPRQVWUDWHGE\GLVSOD\LQJDPLQRDFLGSHSWLGHV







WKH QDWXUDO ELQGLQJ VLWH RI WKH OLSRFDOLQV DQG FDQ EH UHVKDSHG LQ YLWUR E\ DPLQR DFLG
UHSODFHPHQW WKXV FUHDWLQJ QRYHO ELQGLQJ VSHFLILFLWLHV 7KH ELOLQELQGLQJ SURWHLQ
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ODUJH UDQGRP OLEUDULHV RI ROLJRQXFOHRWLGHV E\ DQ LWHUDWLYH SURFHVV RI DGVRUSWLRQ
UHFRYHU\DQGDPSOLILFDWLRQRI WKHROLJRQXFOHRWLGHVHTXHQFHV)LJXUH6SLULGRQRYD
DQG.RS\ORY$SXEOLFGDWDEDVH +736(/(;SURYLGHVDFFHVV WRSULPDU\DQG
GHULYHG GDWD IURP KLJKWKURXJKSXW 6(/(; H[SHULPHQWV WKLV GDWD EDVH LV IUHHO\
DFFHVVLEOH DW IWSIWSLVUHFLVEVLEFKSXEGDWDEDVHVKWSVHOH[ DQG KWWSZZZLVUHFLVE
VLEFKKWSVHOH[




RQ WKHNLQGRI DSWDPHU WKDW LVZDQWHG WKH OLEUDU\ LV FRQYHUWHG LQWR VV'1$E\ VWUDQG
VHSDUDWLRQ RU LQWR51$E\ LQ YLWUR WUDQVFULSWLRQ  7KH VV QXFOHLF DFLGV DUH LQFXEDWHG
ZLWKWKHWDUJHWRILQWHUHVW7KHQXFOHLFDFLGVWKDWDGRSWDFRQIRUPDWLRQWKDWDOORZWKHP
WRELQGZLWKWKHWDUJHWDUHVHSDUDWHGE\ILOWUDWLRQWKURXJKDQLWURFHOOXORVHFROXPQRUE\
DIILQLW\ FROXPQ IRU WKH VPDOO PROHFXOHV 7KH DSWDPHUWDUJHW GXSOH[ DUH HOXWHG DQG
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QXFOHLF DFLG OLEUDU\ ZLWK D SKRWRDFWLYDWDEOH QXFOHRWLGH  ,Q WKH SUHVHQFH RI OLJKW WKLV
PRGLILHG QXFOHRWLGH LV DFWLYDWHG IRUPLQJ D SKRWRLQGXFHG FRYDOHQW ERQG WR WKH WDUJHW
PROHFXOHZKLFKSURYLGHVDQHQKDQFHPHQWLQWKHDSWDPHUDIILQLW\*ROGHQHWDO
.LQHWLFKRPRJHQHRXVDIILQLW\PHWKRGWHUPHGQRQHTXLOLEULXPFDSLOODU\HOHFWURSKRUHVLV
RI HTXLOLEULXP PL[WXUHV 1(&((0  ,Q 1(&((0 D VKRUW SOXJ RI WKH HTXLOLEULXP
PL[WXUHFRQWDLQLQJDUDQGRPOLEUDU\RIVV'1$ZLWKWKHWDUJHWLVLQMHFWHGLQWRWKHLQOHW
RI D FDSLOODU\ WXEH 7KH HQGV RI WKH WXEH DUH FRQQHFWHG WR D SRVLWLYH DQG QHJDWLYH
SRWHQWLDO DQG WKH IUHH VV'1$ WKH IUHH WDUJHW DQG WKH FRPSOH[ VV'1$WDUJHW DUH
GLVVRFLDWHGGXULQJHOHFWURSKRUHVLV7KLVWHFKQLTXHGHPRQVWUDWHGDQHIILFLHQF\ZKLFKLV
DWOHDVWWZRRUGHUVRIPDJQLWXGHKLJKHUWKDQ6(/(;%HUH]RYVNLHWDO7KHKLJK
HIILFLHQF\ RI 1(&((0 DOORZV IRU DSWDPHU VHOHFWLRQ LQ DV IHZ DV RQH URXQG RI
HQULFKPHQWDQGVHOHFWLRQ
&RXQWHU6(/(;LVDKLJKO\VSHFLILF6(/(;PHWKRGWKDWGLVFDUGVOLJDQGVWKDWKDYHWKH
DELOLW\ WR ELQG WKH WDUJHW DV ZHOO DV FORVHO\ UHODWHG VWUXFWXUDO DQDORJXH RI WKH WDUJHW
-HQLVRQHWDO'XULQJVHOHFWLRQWKHSRSXODWLRQRIDSWDPHUVERXQGWRWKHWDUJHWLV
VXEMHFWHG WR DIILQLW\ HOXWLRQ ZLWK VWUXFWXUDO DQDORJRXV DQG WKH VHTXHQFHV HOXWHG DUH
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GLVFDUGHG  7KXV WKH FRXQWHU6(/(; VWUDWHJ\ LQFUHDVHV VHOHFWLYLW\ DQG FRXOG EH D
YDOXDEOH WRRO LQ LGHQWLI\LQJ DSWDPHUV DLPHG DW D XQLTXH WDUJHW LQ D FRPSOH[PL[WXUH
)XUWKHUPRUH LQ VRPH GLDJQRVWLF DSSOLFDWLRQV RI VPDOO PROHFXOH WDUJHWV LW PD\ EH
LPSRUWDQWWRPHDVXUHWKHDQDO\WHDVZHOODVFHUWDLQVWUXFWXUDOYDULDQWVRIWKHDQDO\WH,Q
WKDWFDVHDSWDPHUVUHWDLQHGRQWKHWDUJHWFRXOGEHVSHFLILFDOO\HOXWHG
)OX0DJ6(/(; LQFRUSRUDWHV IOXRUHVFHQW ODEHOV IRU '1$ TXDQWLILFDWLRQ DQG XVH RI
PDJQHWLFEHDGV IRU WDUJHW LPPRELOLVDWLRQ LQ WKH6(/(;SURFHVV7KHXVHRIPDJQHWLF
EHDGV HQDEOHV HDV\ KDQGOLQJ XVH RI YHU\ VPDOO DPRXQWV RI WDUJHW IRU WKH DSWDPHU
VHOHFWLRQ DQG D UDSLG DQG HIILFLHQW VHSDUDWLRQ RI ERXQG DQG XQERXQG PROHFXOHV
6WROWHQEXUJHWDO
$QRWKHU H[DPSOH LV WKHSRVW6(/(;SURFHVV LQZKLFKDPRGLILFDWLRQRI WKH OLJDQG LV
FDUULHGRXWDIWHUWKHWUDGLWLRQDO6(/(;SURFHVVIRUWKHHQKDQFHGRIWKHELQGLQJDFWLYLW\








QRQVSHFLILF ERQGV PHGLDWHG WKURXJK 9DQ GHU :DDOV IRUFHV KRZHYHU WKH\ DUH
H[WUHPHO\ LPSRUWDQW IRU WKH VWDELOLW\ RI WKH FRPSOH[  7KH PDMRULW\ RI WKH VSHFLILF
LQWHUDFWLRQV LQYROYHV K\GURJHQERQGV 6FKZDEH  DQGGHPRQVWUDWHV VRPH DPLQR
DFLG EDVH SUHIHUHQFHV &RZHQ HW DO  GHPRQVWUDWHG WKDW  RI WKH ELQGLQJ
HQHUJ\ZDV FRQWULEXWHG E\ K\GURJHQ ERXQGV 7KH UHODWLYH FRQWULEXWLRQV RI WKHVH DQG
RWKHU IRUFHV VXFK DV LQWHUDFWLRQZLWK DURPDWLF ULQJV DQG9DQ GHU:DDOV IRUFHV KDYH
EHHQ DOVR UHSRUWHG +HUPDQQ DQG 3DWHO  :DWHU PROHFXOHV DOVR IDFLOLWDWH WKH
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7KH DQWLERG\ LGHQWLILFDWLRQ SURFHVV LV GHSHQGHQW RQ DQ DQLPDO KRVW  7KH H[SUHVVLRQ





,GHQWLILFDWLRQ RI DSWDPHUV XWLOLVHV DXWRPDWHG ROLJRQXFOHRWLGH V\QWKHVLV DQG VFUHHQLQJ
V\VWHPV7KHELQGLQJVSHFLILFLW\DIILQLW\DQGVWDELOLW\RIDSWDPHUVFDQEHLPSURYHGE\
PROHFXODU HYROXWLRQ WHFKQLTXHV RU E\ UDWLRQDO GHVLJQ %DFKHU DQG (OOLQJWRQ 





ZLGH YDULHW\ RI VDPSOHPDWULFHV LQFOXGLQJ QRQSK\VLRORJLFDO EXIIHUV DQG WHPSHUDWXUH
FRQGLWLRQV WKDW ZRXOG GHQDWXUH W\SLFDO DQWLERG\ IRUPXODWLRQV  .LQHWLF SDUDPHWHUV LQ
DSWDPHULQWHUDFWLRQFDQEHFKDQJHGRQGHPDQG)XUWKHUPRUHDQWLERGLHVDUHODUJHDQG
FRPSOH[PROHFXOHV WKDW DUH VHQVLWLYH WR S+ YDULDWLRQV DQG WHPSHUDWXUHZKLFK KLJKO\
OLPLW WKHLU XVH LQ UHXVDEOH VHQVRUV $SWDPHUV FDQ XQGHUJR UHSHDWHG F\FOHV RI
GHQDWXUDWLRQDQGUHQDWXUDWLRQZLWKRXWGDPDJLQJWKHLUVWUXFWXUH,QDGGLWRQWKH\FDQEH
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α7KURPELQLVD WZRFKDLQHQ]\PHFRPSRVHGRIDQ1+ WHUPLQDOFKDLQ0: 
DQG D &22+ WHUPLQDO FKDLQ 0:  ZKLFK UHPDLQ FRYDOHQWO\ DVVRFLDWHG
WKURXJKDGLVXOSKLGHERQG7KLVHQ]\PHLVDKLJKO\VSHFLILFVHULQHSURWHDVHJHQHUDWHG
E\ SURWHRO\WLF DFWLYDWLRQ RI WKH ]\PRJHQ SURWKURPELQ /XQGEODG HW DO 
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7KURPELQ LVDOVR UHVSRQVLEOH IRU IHHGEDFNDFWLYDWLRQRI WKHSURFRIDFWRUV IDFWRU9DQG
IDFWRU9,,,VRWKURPELQKDVLPSRUWDQFHLQDQWLFORWWLQJWKHUDSHXWLFV
7KHUHLVQRNQRZQQDWXUDOO\RFFXUULQJQXFOHLFDFLGVHTXHQFHWKDWELQGVWKURPELQ7KH
DQWLWKURPELQ DSWDPHU VHTXHQFH FRQVWLWXWHV WKH ILUVW H[DPSOH RI DQ LQ YLWUR GHVLJQHG
ROLJRQXFOHRWLGH WDUJHWHG WRZDUGV SURWHLQ ELQGLQJ  7KH LGHQWLILHG WKURPELQELQGLQJ
DSWDPHUKDVDZHOOGHILQHGIROGHGVWUXFWXUHLQVROXWLRQ%RFNHWDO0DFD\DHWDO
 αWKURPELQ ELQGLQJ DIIHFWV WZR HOHFWURSRVLWLYH SDUWV RI WKH PROHFXOH WKH
ILEULQRJHQUHFRJQLWLRQDQGKHSDULQELQGLQJH[RVLWHV:KHQWKURPELQLVLQFRQWDFWZLWK





DO  %RFN HW DO  &DUULH HW DO    7KH DSWDPHU GUXJ$5& IURP
$UFKHPL[ &RUSRUDWLRQ LV D WKURPELQ LQKLELWRU IRU XVH DV DQ DQWLFRDJXODQW GXULQJ
FRURQDU\ DUWHU\ E\SDVV JUDIW SURFHGXUHV  &XUUHQWO\ KHUDSLQ LV XVHG IRU WKLV DLP
KRZHYHUWKHKHUDSLQWUHDWPHQWKDVVHULRXVVLGHHIIHFWVDQGUHTXLUHVDVHSDUDWHUHYHUVLQJ
DJHQW7KHVHOLPLWDWLRQVFRXOGEHRYHUFRPHZLWKWKHXVHRIWKHDQWLWKURPELQDSWDPHU
$ IXUWKHU DSSOLFDWLRQ RI DQWLWKURPELQ DSWDPHUV LV DV DQ LPDJLQJ DJHQW WR GHWHFW
WKURPEXVVLQFHLWGLVWLQJXLVKHVEHWZHHQDFWLYHO\JURZLQJFORWVDQGLQDFWLYHFORWV7KH
WKURPEXVLPDJLQJSHUPLWVDQDFFXUDWHLGHQWLILFDWLRQRISXOPRQDU\HPEROLVPFDOIYHLQV




GLDJQRVLVRISXOPRQDU\PHWDVWDVLV 7KHPHGLDQFRQFHQWUDWLRQRI WKURPELQ LQSDWLHQWV
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$SWDVHQVRU LV WKH ZRUG WR GHILQH ELRVHQVRUV XVLQJ DSWDPHUV DV WKH ELRUHFRJQLWLRQ
HOHPHQW 7KH ILUVW H[DPSOHV RI DSWDVHQVRUV GDWH EDFN WR  ZKHQ 'DYLV HW DO
LQYHVWLJDWHGWKHIHDVLELOLW\RIXVLQJDSWDPHUVWRSURYLGHWKHVHOHFWLYHFRPSRQHQW LQDQ
RSWLFDO VHQVRU DSSOLFDWLRQ  7KH\ GHVFULEHG D PRGHO V\VWHP FRQVLVWLQJ RI KXPDQ
QHXWURSKLO HODVWDVH FRDWHG RQ EHDGV WKDW LQWHUDFW ZLWK IOXRUHVFHQW WDJJHG DSWDPHUV
(LJKWPRQWKVODWHUWZRQHZH[DPSOHVRIDSWDVHQVRUVDSSHDUHG$UDGLRODEHOHGDSWDPHU
ZDV XVHG IRU WKH GHWHFWLRQ RI GLIIHUHQW SURWHLQ NLQDVH & LVR]\PHV &RQUDG DQG
(OOLQJWRQDQG'UROHWHWDO GHVFULEHGDQHQ]\PHOLQNHGVDQGZLFKDVVD\
WKDWXVHGDIOXRUHVFHQWO\ODEHOHG6(/(;GHULYHGROLJRQXFOHRWLGH
,Q WKH SDVW GHFDGH KXQGUHGV RI DSWDVHQVRU SDSHUV KDYH EHHQ SXEOLVKHG XVLQJ DQ
DVVRUWPHQW RI WUDQVGXFHUV  7DEOH  SURYLGHV D VDPSOLQJ RI WKH SRWHQWLDO WDUJHWV
WUDQVGXFWLRQPHWKRGV DQG VHQVLWLYLWLHV RI DSWDVHQVRUV  )OXRUHVFHQFH ODEHOV KDYH EHHQ
ZLGHO\XVHGLQWKHVHDSSOLFDWLRQV/DGHQRVLQHGHWHFWLRQZDVWUDQVGXFHGE\HYDQHVFHQW
ZDYHLQGXFHG IOXRUHVFHQFH +DPDJXFKL HW DO  7KURPELQ GHWHFWLRQ ZDV
SHUIRUPHG ZLWK DSWDPHUIOXRUHVFHQFHTXHQFKLQJ SDLUV DQG E\ D FRPSHWLWLYH DVVD\ RI
IOXRUHVFHQWO\ ODEHOHG WKURPELQ ZLWK WKURPELQ RQ DQ DSWDPHU PRGLILHG RSWLFDO ILEHU
.OHLQMXQJ HW DO  2SWLFDO DQDO\VLV KDV EHHQ DOVR XVHG WR GHWHFW WKH FDWDO\WLF
DFWLYDWLRQRIWKURPELQWKURXJKWKHGLVVRFLDWLRQRIDWKURPELQDSWDPHUFRPSOH[3DYORY
HWDO
)RU WUDQVGXFWLRQ DQG GHWHFWLRQ RI QRQODEHOHG DSWDPHUV TXDUW] FU\VWDO PLFUREDODQFH
4&0)XUWDGRHWDO3DYORYHWDO/LVVHWDODQGVXUIDFHSODVPRQ
UHVRQDQFH635)XNXVDNLHWDO2NXPRWRHWDO5KRGHVHWDODUH
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LQWR WKHEHDFRQVHTXHQFHDVDQHOHFWURFKHPLFDO ODEHO 7KH ODEHO LV UHOHDVHGZKHQ WKH
SURWHLQ LQWHUDFWV ZLWK WKH DSWDPHU DQG LV GHWHFWHG HOHFWURFKHPLFDOO\  7ZR VLPLODU





7UDQVGXFHU 7HFKQLTXH /DEHO $QDO\WH 6HQVLWLYLW\ 5HIHUHQFH





)HUURFHQH 7KURPELQ S0 5DGLHWDO

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2QHRI WKHILUVWDSSOLFDWLRQVRIDSWDPHUVZDVLQWKHDUHDRI WKHUDSHXWLFGUXJV 'XHWR
WKHLU KLJK DIILQLW\ DQG VSHFLILFLW\ DSWDPHUV FDQ EORFN UHFHSWRUV DQG LQKLELW SURWHLQ
DFWLYLW\ZLWK KLJK DIILQLW\ DQG VSHFLILFLW\  7KH\ KDYH DOVR VKRZQ D XVH LQ YDOLGDWLQJ
GUXJ WDUJHWV DQG VFUHHQLQJ GUXJ FDQGLGDWHV  7KHLU DGYDQWDJHV RI VPDOO VL]H TXLFN
HOLPLQDWLRQ ORZ SURGXFWLRQ FRVW ELRFRPSDWLELOLW\ ELRGHJUDGDELOLW\ DQG QR FURVV




IRU WKH WUHDWPHQW RI DJHUHODWHGPDFXODU GHJHQHUDWLRQ 6DVVDQIDU DQG 6]RVWDN 
$QWLYDVFXODU HQGRWKHOLDO JURZWK IDFWRU SDUWLFLSDWHV LQ WKH JURZWK RI DEQRUPDO QHZ
EORRGYHVVHOVLQWKHH\HVZKLFKFDXVHYLVLRQORVV$QDSWDPHUWKHUDSHXWLFGHYHORSHGWR





HW DO    ,W KDV SDVVHG SKDVH , FOLQLFDO WULDOV  2WKHU H[DPSOHV LQ WKH OLWHUDWXUH
LQFOXGHDQDSWDPHU WDUJHWLQJ&GHYHORSHGE\%LHVHFNHUHWDO ZKLFK LQKLELWV
KXPDQ VHUXPKHPRO\WLF DFWLYLW\ DQG DQ DQWLWHQDVFLQ& DSWDPHU WKDWZDV UHSRUWHGE\
+LFNH HW DO   7KH ODWHU LQKLELWV WKH DFWLYLW\ RI D WU\SVLQ OLNH SURWHDVH RI QRQ
VWUXFWXUHG SURWHLQ 16 IRU WKH FRQWURO RI SRO\SURWHLQ VHFUHWLQ IURP WKH KHSDWLWLV &
YLUXVLQIHFWLRQV
,Q DGGLWLRQ WR SKDUPDFHXWLFDOV $SWDPHUV DUH DOVR DSSOLHG WR WKH ILHOG RI VHSDUDWLRQ
FKHPLVWU\ $IILQLW\ FKURPDWRJUDSK\ LV DQ HVWDEOLVKHG WHFKQLTXH IRU WKH VHOHFWLRQ DQG
VHSDUDWLRQ RI ELRPROHFXOHV IURP FRPSOH[ PL[WXUHV  $QWLERGLHV DUH IUHTXHQWO\
HPSOR\HG DV UHFHSWRU PROHFXOHV LQ VWDWLRQDU\ SKDVHV GXH WR WKHLU KLJK DIILQLW\ DQG
VHOHFWLYLW\  1HYHUWKHOHVV D QXPEHU RI FRQVWUDLQWV OLPLW WKHLU DSSOLFDWLRQ LQ
FKURPDWRJUDSK\  ,Q DGGLWLRQ WR VRPH RI WKH SUHYLRXVO\ LGHQWLILHG OLPLWDWLRQV 7DEOH
, WKHLU ODUJHPROHFXODU VL]H OLPLWV WKH VXUIDFH ORDGLQJ RQ WKH VWDWLRQDU\ SKDVH DQG
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E\ WKH GLIILFXOW\ LQ REWDLQLQJ DQWLERGLHV IRU VPDOOPROHFXOHV HVSHFLDOO\ WR[LQV $V D
UHVXOWRIWKHLUSRWHQWLDOWRRYHUFRPHVRPHRIWKHDQWLERG\¶VOLPLWDWLRQVDSWDPHUVKDYH
EHFRPH D SURPLVLQJ WRRO IRU DIILQLW\ FKURPDWRJUDSK\   $ KLJK DIILQLW\ DSWDPHU KDV
EHHQ XVHG E\ 5RPLJ HW DO  IRU SXULILFDWLRQ RI /VHOHFWLQ  $GHQRVLQH DQG LWV
DQDORJXHVZHUH VXFFHVVIXOO\SXULILHGE\'HQJHWDO XVLQJDSWDPHUV VXSSRUWHG
RQ D VWDWLRQDU\ SKDVH  )XUWKHUPRUH DSWDPHUV KDYH EHHQ XVHG LQ D VLPLODU IDVKLRQ WR
VHSDUDWH DPLQR DFLGV DQG SRO\F\FOLF DURPDWLF K\GURFDUERQV .RWLD DQG 0F *RZQ

,Q YLHZ RI WKH DGYDQWDJHV DQG VLPSOH VWUXFWXUH RI DSWDPHUV WKH\ KDYH EHHQ XVHG DV
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RI ERWK SURWHLQV DQG ROLJRQXFOHRWLGHV EDVHGELRVHQVRUV XVLQJ HOHFWURFKHPLFDO
WUDQVGXFWLRQ
7KHODEHOIUHHROLJRQXFOHRWLGHGHWHFWLRQVWUDWHJ\LVEDVHGRQWKHGLVSODFHPHQWRIDVXE
RSWLPXP ERXQG ROLJRQXFOHRWLGH E\ WKH WDUJHW ROLJRQXFOHRWLGH ZKLFK LV IXOO\
FRPSOHPHQWDU\WRWKHLPPRELOLVHGFDSWXUHSUREH,QWKHFDVHZKHUHWKHVXERSWLPXP
VHTXHQFHLVODEHOOHGZLWKDQHOHFWURFKHPLFDOUHSRUWHUSRVLWLYHGHWHFWLRQZRXOGWKHQEH
LQGLFDWHG E\ D GHFUHDVH LQ VLJQDO ZKLFK LV SURSRUWLRQDO WR WKH FRQFHQWUDWLRQ RI WKH
WDUJHW
,W LVH[SHFWHG WKDW WKHXVHRI WKHGLVSODFHPHQWSODWIRUPZLOOSURYLGHDUHDJHQWOHVVDQG
ODEHOIUHHV\VWHPZLWKDGHFUHDVHUHVSRQVHWLPH
,GHDOO\ WKHVLJQDOZLOORQO\EHGLVSODFHG IURP WKH VSHFLILF LQWHUDFWLRQZLWK WKH WDUJHW
7KH VWDELOLW\RISUHK\EULGLVHG VXERSWLPXP ODEHOOHGROLJRQXFOHRWLGHZLWK WKH FDSWXUH
SUREH PXVW EH VXIILFLHQW WR SUHYHQW EXIIHU RU QRQFRPSOHPHQWDU\ ROLJRQXFOHRWLGH
GLVSODFHPHQW
$GGLWLRQDOO\ D VWURQJ ERQG LV UHTXLUHG WR OLQN WKH ODEHO DQG WKH VXERSWLPXP
ROLJRQXFOHRWLGH WR DYRLG D GHFUHDVH RI WKH VLJQDO GXH WR ODEHO GHJUDGDWLRQ LQVWHDG RI
VSHFLILF GLVSODFHPHQW 7R GHPRQVWUDWH WKH IHDVLELOLW\ RI WKHVH FRQFHSWV VXERSWLPXP








UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente





7KH ILUVW VWUDWHJ\ XVHG DQ LPPRELOLVHG FDSWXUH SUREH DSWDPHU WKDW ERXQG WKURPELQ




VDQGZLFK DVVD\ ZLWK WZR DSWDPHUV $ WKLRODWHG DSWDPHU ZDV LPPRELOLVHG RQ D JROG
HOHFWURGH DQG VXEVHTXHQWO\ LQFXEDWHG ZLWK WKURPELQ  ,Q D VHFRQG LQFXEDWLRQ VWHS D
ELRWLQ ODEHOOHG DSWDPHU ZDV DOORZHG WR ELQG WR WKH RWKHU WKURPELQ H[RVLWH  7KH
ELRWLQ\ODWHG DSWDPHU ZDV SUHYLRXVO\ LQFXEDWHG ZLWK VWUHSWDYLGLQ+53 IRUPLQJ D
SHUR[LGDVH ODEHOOHG DSWDPHU  7KH +53 WKXV DWWDFKHG DW WKH HOHFWURGH VXUIDFH ZDV





ZLWK ELRWLQ ODEHOOHG DSWDPHU DQG WKHQ ZLWK VWUHSWDYLGLQ+53 ZKLFK ZDV
HOHFWURFKHPLFDOO\GHWHFWHGDVEHIRUH
7KHIRXUWKVWUDWHJ\ZDVEDVHGRQIOXRUHVFHQWDQGHOHFWURFKHPLFDOEHDFRQV7KHEHDFRQ
OLNH ' FKDQJH RI ODEHOOHG DSWDPHU VWUXFWXUHZKHQ WKURPELQ LQWHUDFWVZLWK LW FDQ EH
WUDQVGXFHG E\ REVHUYLQJ WKH VLJQLILFDQW FKDQJHV LQ WKH GLVWDQFHGHSHQGHQW
YROWDPSHURPHWULFEHKDYLRXURIDQHOHFWURFKHPLFDOODEHO
7KHODVWVWUDWHJ\LVDPRGLILFDWLRQRIWKHDSWDPHUEHDFRQEDVHGVHQVRUVRIVWUDWHJ\IRXU
,Q WKLV FDVH WKH IHUURFHQH ODEHOOHG DSWDPHUEHDFRQ ZDV FRLPPRELOLVHG ZLWK D
PRQROD\HURIPLFURSHUR[LGDVH 7KHIHUURFHQHODEHORI WKHDSWDPHU LV IRUFHGFORVHU WR
WKH HOHFWURGH VXUIDFH GXH WR WKH HIIHFW RI WKURPELQ LQWHUDFWLRQ  7KLV DOORZV
HOHFWURFKHPLFDOFRPPXQLFDWLRQEHWZHHQWKHFRLPPRELOLVHGHQ]\PHDQGWKHHOHFWURGH
VXUIDFHPHGLDWHGE\IHUURFHQH,QWKHSUHVHQFHRILWVVXEVWUDWHWKHHQ]\PHWXUQVRYHU
DQG WKH IHUURFHQH PHGLDWHV WKH HOHFWURQ WUDQVIHU RI WKH HQ]\PH WR WKH HOHFWURGH DQG
SURGXFHWKHILUVWUHSRUWHGPROHFXODUO\HQJLQHHULQJDPSHURPHWULFVZLWFK
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&KDSXW -& 6]RVWDN -: -RXUQDO RI$PHULFDQ&KHPLFDO 6RFLHW\   ±

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(EHUVRQ 5& 0LOOHU -$ 0RUDQ -5 :DUG 0' -RXUQDO RI $PHULFDQ &KHPLFDO
6RFLHW\
(JKROP 0 %XFKDUGW 2 1LHOVHQ 3( %HUJ 5+ -RXUQDO RI $PHULFDQ &KHPLFDO
6RFLHW\±
(OOLQJWRQ$'6]RVWDN-:1DWXUH±

















)XNXVDNL (, +DVXQXPD 7 .DML\DPD 6, 2ND]DZD $ ,WRK 7- .RED\DVKL $
%LRRUJDQLFDQG0HGLFLQDO&KHPLVWU\/HWWHUV
)XUWDGR/06X+7KRPVRQ0$QDO\WLFDO&KHPLVWU\
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+DPDJXFKL1 (OOLQJWRQ$ 6WDQWRQ0$QDO\WLFDO %LRFKHPLVWU\    ±

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+XQNDSLOOHU0 .HQW 6 &DUXWKHUV0 'UH\HU: )LUFD - *LIILQ & 1DWXUH 
±
+\EDUJHU * %\QXP - :LOOLDPV 5) 9DOGHV -- &KDPEHUV -3 $QDO\WLFDO DQG
%LRDQDO\WLFDO&KHPLVWU\±
,FKLGD -. =RX.+RUKRWD$<X%0F/DXJKOLQ /: 6]RVWDN -: -RXUQDO RI
$PHULFDQ&KHPLFDO6RFLHW\±






-RQVVRQ80DOPTYLV05RQQEHU ,%HUJKH/ 3URJUHVV LQ&ROORLG DQG3RO\PHU
6FLHQFH
.DMLDPD 6 2ND]DZD$ ,WRK 7 .RED\DVKL $ %LRRUJDQLF DQG0HGLFDO &KHPLVWU\
/HWWHUV
.DUXEH ,.XER , 6X]XNL6$QQDOV RI WKH1HZ<RUN$FDGHP\RI6FLHQFHV 

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0DUX\DPD . 0LVKLPD < 0LQDJDZD . 0RWRQDND - -RXUQDO RI HOHFWURDQDO\VLV

0DW]%-RXUQDORI9LURORJ\
0F&DXOH\7*+DQDJXFKL16WDQWRQ0$QDO\WLFDO ELRFKHPLFDO   

0HDGH7--RXUQDORI$PHULFDQ&KHPLFDO6RFLHW\











1XZD\VLU () +XDQJ : $OEHUW 7- 6LQJK - 1XZD\VLU . 3LWDV $ *HQRPH
5HVHDUFK±
2NXPRWR<2KPLFKL76XJLPRWR1%LRFKHPLVWU\




2\DPD0 ,NHGD7/LP7. ,NHEXNXUR.0DVXGD<.DUXEH ,%LRWHFKQRORJ\
DQG%LRHQJLQHHULQJ
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3DWROVN\ ):HL]PDQQ<:LOOQHU , -RXUQDO RI $PHULFDQ &KHPLFDO 6RFLHW\ 
±
3DWROVN\)/LFKHVWHLQ):LOOQHU,&KHPLFDO(XURSHDQ-RXUQDO




3HQJ + 6RHOOHU & &DQQHOO0% %RZPDNHU *$ &RRQH\ 53 7UDYDV6HMGLF -
%LRVHQVRUVDQG%LRHOHFWURQLFV
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3UDNDVK 73 0DQRKDUDQ 0 .DZDVDNL $0 )UDVHU $6 /HVQLN ($ 6LRXIL 1
/HHGV-07HSORYD0(JOL0%LRFKHPLVWU\
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6WROWHQEXUJ 5 5HLQHPDQQ (& 6WUHKOLW] (% $QDO\WLFDO DQG %LRDQDO\WLFDO
&KHPLVWU\±
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:DQJ - 2]VR] 0 &DL ; 5LYDV * 6KLUDLVKL + *UDQW ' +<DQJ ,9 5RSS
3$7KRUS++$QDO\WLFDO&KHPLVWU\±
:DUUHQ6-%LRORJLFDO&KHPLVWU\
:DWDQDEH ( 7R\DPD . .DUXEH ,0DWVXRND + 6X]XNL 6 (Q]\PH (QJLQHHULQJ
3URFHHGLQJVRIWKH,QWHUQDWLRQDO(Q]\PH(QJLQHHULQJ&RQIHUHQFH
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7KH LQIRUPDWLRQ JHQHUDWHG E\ WKH +XPDQ *HQRPH 3URMHFW KDV UHVXOWHG DQ LQFUHDVHG
YDOXH RI '1$ FKLSV LQ FOLQLFDO VHWWLQJ IRU WKH GLDJQRVLV GLVHDV DQDO\VLV DQG GUXJ
HORSHPHQW
7KH PRVW JHQHUDOLVHG UHDGRXW PHWKRG IRU '1$ FKLSV LV IOXRUHVFHQFH  )OXRUHVFHQFH
WUDQVGXFWLRQLQYROYHVH[SHQVLYHLQVWUXPHQWDWLRQ$QRYHUORRNHGDUHDRIDSSOLFDWLRQRI






7KH ILUVW FKDOOHQJH LV WR DVFHQWDLQ WKDW GLUHFW'1$K\EULGLVDWLRQ FDQ EH GHWHFWHG  ,Q
ZKDWIROORZVDGLIIXVLRQDOPHGLDWRUZDVXVHGWRWUDQVGXFHWKHFDWDO\WLFVLJQDOREWDLQHG
IURPD+53ODEHOOHGROLJRQXFOHRWLGHK\EULGLVHGZLWKDQLPPRELOLVHGFDSWXUHSUREHRQ
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VXEVHTXHQWO\ ELRFRQMXJDWH ZLWK PDOHLPLGH KRUVHUDGLVK SHUR[LGDVH DFWLYDWHG
PDOHLPLGH+53 WR OHDG D +53ODEHOOHG ROLJRQXFOHRWLGH WKHUHIRUH WKLV VHTXHQFH LV
FRLQHGFRPSOHPHQWDU\+53
¶7KLRO&7*$$77**&7&$*&7**&7¶
3ULPHUV ZHUH XVHG IRU WKH DPSOLILFDWLRQ RI WKH IUDJPHQW RI WKH 0\FREDFWHULXP










PHU WKLRO GLJR[LJHQLQODEHOOHG FDSWXUH SUREH ROLJRQXFOHRWLGH WKLROFDSWXUH SUREH
'LJ
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0DOHLPLGH+53 3 ¶¶7HWUDPHWK\OEHQ]LGLQH /LTXLG 6XEVWUDWH 70%
7'HQKDUGW
VVROXWLRQ'VRGLXPFLWUDWHVDOWEXIIHU66&67UL]PD
K\GURFKORULGH 7ULV+&O 7 PHUFDSWRHWKDQRO 0 3RO\HWK\OHQH JO\FRO
VRUELWDQPRQRODXUDWH7ZHHQ3DQG(WK\OHQHGLQLWULOWHWUDDFHWLFDFLG('7$
( ZHUH SXUFKDVHG IURP 6LJPD   1D&O  DQG +2  ZHUH
VXSSOLHG IURP 3DQUHDF DQG 1D+32  IURP $OGULFK  6WUHSWDYLGLQ FRDWHG
SODWHV ZHUH REWDLQHG IURP 7KHUPR /DEV\VWHPV  $QWLGLJR[LJHQLQ KRUVHUDGLVK
SHUR[LGDVHα'LJ+53DQGDQWLGLJR[LJHQLQ$ONDOLQHSKRVSKDWDVH 'LJ
$/3  ZHUH DFTXLUHG IURP 5RFKH SDPLQRSKHQ\O SKRVSKDWH $ ZDV
SXUFKDVHG IURP/.7/DERUDWRULHV ,QF6HSKDGH[*'1$JUDGH UHVLQ 
ZDV VXSSOLHG IURP $PHUVKDP 3KDUPDFLD %LRWHFK *ROG VLOLFRQ ZDIHUV DQG
ELRFRPSDWLEOHSKRWRUHVLVWSRO\PHUZHUHKDQGRYHU IURP,QVWLWXWHRI0LFURHOHFWURQLFV
1&65 'HPRNULWRV $=  SKRWRUHVLVW $= 0,) GHYHORSHU DQG WHWUDPHWK\O
DPPRQLXPK\GUR[LGH70$+ZHUHSXUFKDVHGIURP&ODULDQWHWFKLQJRIWKHFKURPLXP
87( ZDV VXSSOLHG IURP &\DQWHN DQG SKRWRDFLG JHQHUDWRU 89,  IURP 8QLRQ
&DUELGH 7KH HOHFWURQFRQGXFWLQJ GLIIXVLRQDO UHGR[ PHGLDWRU >2VES\S\U&+
1+@&O DQG WKH UHGR[ SRO\PHU 3RO\YLQ\OS\ULGLQH2VELS\ULGLQH&O ZHUH
V\QWKHVLVHG DV UHSRUWHG LQ WKH OLWHUDWXUH *UHJJDQG+HOOHU .DWDNLV DQG+HOOHU
  $OO WKH UHDJHQWV IRU 3&5 DPSOLILFDWLRQ 7DT'1$ SRO\PHUDVH 0 DQG
GHR[\QXFOHRVLGH WULSKRVSKDWHV G173V 8 ZHUH VXSSOLHG IURP 3URPHJD
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






7KH K\EULGLVDWLRQ RI ROLJRQXFOHRWLGH ZDV GHWHFWHG FRORXULPHWULFDOO\ ZLWK DQ (/,6$
UHDGHU6SHFWUD0D[3& IURP0ROHFXODU'HYLFHVZLWK6RIW0D[3UR VRIWZDUH 7KH
ELRFRQMXJDWLRQZDVPRQLWRUHGZLWKWKHVSHFWURSKRWRPHWHUIURP+HZOHWW3DFNDUG
ZLWK WKH VRIWZDUH +3[ 899LVLEOH V\VWHP  (OHFWURFKHPLFDO PHDVXUHPHQWV ZHUH
FDUULHG RXW XVLQJ DQ $XWRODE 3*67$7 HOHFWURFKHPLFDO DQDO\VLV V\VWHP DQG *3(
PDQDJHPHQW VRIWZDUH IURP(FR&KHPLH (OHFWURFKHPLVWU\ZDVSHUIRUPHG LQDKRPH
PDGHµ/WZRHOHFWURGHWKLQOD\HUFHOOZLWKDPPVTXDUHJROGVKHHWDVDZRUNLQJ
HOHFWURGH RSSRVLWH WR D VROLG VWDWH $J$J&O UHIHUHQFHFRXQWHU SDLQWHG RQ D SODVWLF
VXEVWUDWH $J$J&O LQN IURP'XSRQW  FRQGXFWRU ZDV XVHG DQG WKLV LV FDOOHG D
³TXDVL$J$J&OUHIHUHQFH´VLQFHLWVSRWHQWLDOZDVPRGXODWHGE\WKHFRQWDFWVROXWLRQ7R
NHHSSRWHQWLDOV FRQVLVWHQW WKURXJKRXW WKLVZRUN WKLV HOHFWURGHKDVEHHQFDOLEUDWHG IRU
HDFKVROXWLRQXVHGDJDLQVWDVWDQGDUG$J$J&OHOHFWURGHFHOOVHWXSZDVXVHGZLWKD
FDUERQ HOHFWURGH DV ZRUNLQJ HOHFWURGH $J$J&O DV UHIHUHQFH HOHFWURGH DQG VWDLQOHVV
VWHHODVFRXQWHUHOHFWURGH
7KH WKHUPDO F\FOHU WR DPSOLI\ '1$ ZDV D 0LQLJHQH IURP %LEE\ 6WXDUW 6FLHQWLILF






3&5IRU WKHVHOHFWLYHDPSOLILFDWLRQRI WKH0LFREDFWHULXP0 WXEHUFXORVLV USR%JHQH
UHJLRQFRQWDLQLQJWKHPXWDWLRQ WKDWFRQIHUVUHVLVWDQFH WRULIDPSLFLQZDVFDUULHGRXWDV
GHVFULEHGE\*HQRPLFD*DUFLDHWDO)RUWKHDPSOLILFDWLRQRIWKHUSR%JHQHLQ
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RI WKH USR% JHQH LQFOXGLQJ WKH UHJLRQ FRQWDLQLQJ WKH PXWDWLRQ FRQIHUULQJ ULIDPSLFLQ
UHVLVWDQFH
3&5 UHDFWLRQV ZHUH FDUULHG RXW LQ D  / ILQDO YROXPH FRQWDLQLQJ  Q0 IRUZDUG
SULPHU DQG  0 UHYHUVH GLJR[LJHQLQ ODEHOOHG SULPHU  × 7DT '1$ SRO\PHUDVH
EXIIHUZLWKRXW0J&OP00J&O0HDFKRIG$73G&73G*73DQGG773










7KH PHU FRPSOHPHQWDU\ ROLJRQXFOHRWLGH DQG WKH PHU PXWDWHG ROLJRQXFOHRWLGH
ZHUHSXUFKDVHGZLWKD¶WKLRODQGDDWRPFDUERQVSDFHU 7KH\ZHUH ODEHOOHGZLWK
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6WUHSWDYLGLQ FRDWHG SODWHV ZHUH LQFXEDWHG ZLWK µ/ RI µJP/ ELRWLQFDSWXUH
SUREHIRUPLQXWHVDW&3ODWHVZHUHZDVKHGWKUHHWLPHVZLWKP07ULV+&O
S+   P0 1D&O DQG  7ZHHQ ZDVK VROXWLRQ  7KH K\EULGLVDWLRQ ZDV
SHUIRUPHG E\ LQFXEDWLQJZLWK µ/ RI µJP/ FRPSOHPHQWDU\+53 LQ P0
7ULV+&OP0('7$[66&DQG['HQKDUGW¶VVROXWLRQDWS+K\EULGLVDWLRQ
EXIIHU IRU  KRXU DW  &  7KH K\EULGLVDWLRQZDV IROORZHG E\ DZDVKLQJ VWHS DQG
GHWHFWHGDGGLQJµ/RI70%LQFXEDWHGIRUPLQXWHVDW & &RORXUHGSURGXFW





ROLJRQXFOHRWLGH LQ  P0 SKRVSKDWH EXIIHU S+  IRU  PLQXWHV DW  & DQG
IROORZHGE\µJP/RIELRWLQ%&WDUJHW LQP0+(3(6EXIIHUP01D&O
P0 ('7$ S+  IRU  PLQXWHV DW  &  +\EULGLVDWLRQ ZDV GHWHFWHG ZLWK
VWUHSWDYLGLQ+53 JP/LQP0+(3(6EXIIHUP01D&OP0('7$
S+  IRU  PLQXWHV DW  & ZLWK WKH VXEVHTXHQW DGGLWLRQ RI WKH SHUR[LGDVH
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LQ K\EULGLVDWLRQ EXIIHU IRU  KRXU DW  &  7KH K\EULGLVDWLRQ ZDV IROORZHG E\ DQ
LQFXEDWLRQRIGLOXWLRQZLWKUHVSHFWWRWKHRULJLQDOSURGXFWRI 'LJ+53IRU








+62990+2 IRUKRXUVDW &DQG WKHQZLWK0.2+IRU
KRXU DW  &  ([WUHPH FDXWLRQ VKRXOG EH XVHG ZLWK WKLV VROXWLRQ VLQFH LW UHDFWV
YLROHQWO\ZLWK RUJDQLFPDWHULDO DQG DOOZRUN VKRXOG EH FDUULHG RXW LQ WKH IXPH KRRG
(OHFWURGHVZHUHVWRUHGLQD0+62VROXWLRQ %HIRUHXVHWKH\ZHUHFOHDQHGZLWK
FRQFHQWUDWHG+12VROXWLRQIRUPLQXWHVDQGULQVHGZLWKGLVWLOOHGZDWHU
,Q WKH FDVH RI PLFURDUUD\V RQO\  PLQXWHV LQ SLUDQKD VROXWLRQ ZHUH HPSOR\HG IRU
FOHDQOLQLQJVLQFHSURORQJHG LQFXEDWLRQ LQSLUDQKDPD\VWULS WKHJROGRII WKHHOHFWURGH
VXUIDFH 0LFURDUUD\VZHUH ULQVHGZLWK GLVWLOOHG ZDWHU DQG DIWHUZDUGV GULHG DQG NHSW
XQGHUDUJRQDWPRVSKHUH
*UDSKLWH URGV PPGLDPHWHUZHUH VHDOHG LQ DQ LQVXODWLQJ KHDWVKULQN SODVWLF 7KH
URGVZHUHWKHQFXWWRH[SRVHDGLVFRIFDUERQ(OHFWURGHVZHUHSROLVKHGZLWKWZRJULWV
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 (OHFWURFKHPLFDO GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ ZLWK
GLIIXVLRQDOPHGLDWRUV

%HVW UHVXOWV IRU WKH LPPRELOLVDWLRQ RI WKH WKLROFDSWXUH SUREH ZHUH REWDLQHG IURP D
PL[HGPRQROD\HULPPRELOLVDWLRQ7KLVZDVSUHSDULQJE\LQFXEDWLQJWKHHOHFWURGHLQ
J P/ RI WKLROFDSWXUH SUREH LQ  0 .+32 IRU  KRXUV DW URRP WHPSHUDWXUH
IROORZHGE\LQFXEDWLRQIRUKRXUDW&LQP0PHUFDSWRHWKDQROWRGLVSODFHDOOWKH
ROLJRQXFOHRWLGHVWKDWKDYHEHHQDGVRUEHGRQWRWKHVXUIDFHLQVWHDGRIWKURXJKWKHWKLRO




(OHFWURFKHPLFDO PHDVXUHPHQWV WRRN SODFH LQ D WKLQ OD\HU FHOO ZLWK $J$J&O
UHIHUHQFHFRXQWHULQDWRWDOYROXPHRI /$WWLPH]HUR /RIP0PHGLDWRU
>2VES\S\U&+1+@&OLQP066&EXIIHU01D&OS+ZDVLQMHFWHG$
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
 (OHFWURFKHPLFDO GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ ZLWK QRQ
GLIIXVLRQDOPHGLDWRU

7KH LPPRELOLVDWLRQ RI RVPLXP SRO\PHU ZDV DFFRPSOLVKHG E\ FURVVOLQNLQJ ZLWK
VWUHSWDYLGLQDQGSRO\HWK\OHQJO\FROGLJO\FLG\OHWKHU3(*'( JRIUHGR[SRO\PHU
 J RI 3(*'( DQG  J RI VWUHSWDYLGLQZHUHPL[HG   / RI WKHPL[WXUHZDV
GHSRVLWHG RQ WKH HOHFWURGH DQG OHIW WR GU\ LQ WKH GDUN XQGHU YDFXXP IRU  KRXUV
$IWHUZDUGV WKH HOHFWURGHZDV LQFXEDWHG IRU  KRXU DW  & LQ  / RI  JP/
ELRWLQFDSWXUHSUREH JP/FRPSOHPHQWDU\+53LQK\EULGLVDWLRQEXIIHUZDVOHIW
WR UHDFW ZLWK WKH LPPRELOLVHG FDSWXUH SUREH IRU RQH KRXU DW  & (OHFWURGHV ZHUH
ZDVKHGEHWZHHQVWHSV
'HWHFWLRQZDVFDUULHGRXWLQDP/HOHFWURFKHPLFDOFHOOZLWK$J$J&OUHIHUHQFHDQG












VLPLODU SURWRFRO DV WKH XVHG LQ WKH DPSHURPHWULF GHWHFWLRQ RI PHU V\QWKHWLF
ROLJRQXFOHRWLGH ZLWK UHGR[ SRO\PHU WUDQVGXFWLRQ ZDV IROORZHG +RZHYHU DIWHU
K\EULGLVDWLRQ DQ DGGLWLRQDO VWHSZDV QHFHVVDU\ IRU GHWHFWLRQ EHFDXVH LQ WKLV FDVH WKH
DPSOLILHG ROLJRQXFOHRWLGH ZDV ODEHOOHG ZLWK GLJR[LJHQLQ LQVWHDG RI WKH +53
,QFXEDWLRQ IRU RQH KRXU DW  & LQ  ZLWK 'LJ+53 ZDV UHTXLUHG
(OHFWURFKHPLFDOGHWHFWLRQZDVSHUIRUPHGLQWKHVDPHPDQQHUDVH[SODLQHGLQ

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)RU WKHSDWWHUQLQJRIJROGHOHFWURGHVVSXWWHUHGJROGVLOLFRQZDIHUVDQG WKUHH LQFKHV
GLDPHWHUTXDUW]FKURPLXPPDVNVZHUHUHTXLUHG:LWKWKHILUVWPDVNWKHJROGHOHFWURGHV




,Q RUGHU WR SDWWHUQ WKH JROG HOHFWURGHVZLWK WKH ILUVWPDVN $=  SKRWRUHVLVWZDV
GHSRVLWHGRQWKHZDIHU7KHVSLQVSHHGZDVVHWLQUSPJLYLQJDILOPWKLFNQHVVRI
P 7KHQ WKH ZDIHU ZDV SUHEDNHG DW  & IRU PLQXWHV DQG H[SRVHG LQ D PDVN
DOLJQHUDWQPZLWKDUHVXOWHGGRVHRIP-FP7KHSRO\PHUQRWH[SRVHGWRWKH
XOWUDYLROHW 89 OLJKW ZDV UHPRYHG DIWHU LQFXEDWLRQ ZLWK $=0,) IRU  PLQXWH
7KHQ WKHZDIHUZDVEDNHGRQDKRWSODWH DW& IRUPLQXWHV7KHHWFKLQJRI WKH
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$ ELRFRPSDWLEOH SKRWRUHVLVW SRO\PHU ZDV XVHG LQ RUGHU WR RSHQ ILUVW RQH VHW RI
HOHFWURGHV DQG DIWHU WKH ELRPROHFXOHV DWWDFKPHQW RQ WKH RSHQHG VHW RI HOHFWURGHV WKH
VHFRQGVHWRIHOHFWURGHVZHUHH[SRVHGIRU LWVDWWDFKPHQWZLWKDGLIIHUHQWELRPROHFXOH
7KHSKRWRUHVLVWSRO\PHUXVHG IRU WKLVDSSOLFDWLRQVKRXOG IXOILOFHUWDLQ UHTXLUHPHQWV LQ
RUGHU WREHDEOH WRJLYH WZR VXFFHVVLYH OLWKRJUDSKLHVXQGHUELRFRPSDWLEOH FRQGLWLRQV
7KH SURFHVV DIWHU WKH ELRPROHFXOHV GHSRVLWLRQ VKRXOG EH FDUULHG RXW EHORZ & LQ
GLOXWHDTXHRXVEDVHVROXWLRQFRQFHQWUDWLRQORZHUWKDQ[1DQGLQZDYHOHQJWKV
DERYH  QP 7KH SKRWRUHVLVW SRO\PHU XVHG 'RXYDV HW DO  LV D FRSRO\PHU
V\QWKHVL]HG IURP IRXUPHWKDFU\ODWHPRQRPHUV XVLQJ IUHH UDGLFDO SRO\PHUL]DWLRQ7KH
PRQRPHUVSDUWLFLSDWLQJLQWKHSRO\PHUZHUHWHUWEXW\OPHWKDFU\ODWHZKHUHLWVWHUWEXW\O
HVWHU JURXS LV WKH DFLG FOHDYDEOH JURXS K\GUR[\HWK\O PHWKDFU\ODWH DQG DFU\OLF DFLG
ZKHUH WKHLUFDUER[\ODQGDOFRKROLFJURXSV WXUQWKHUHVLVWPRUHK\GURSKLOLF LPSURYLQJ
SRO\PHU DGKHVLRQ WR WKH VXEVWUDWH DQG LVRERUQ\O PHWKDFU\ODWH ZKHUH LWV K\GURSKRELF
LVRERUQ\O JURXS NHHSV WKH XQH[SRVHG SRO\PHU LQVROXEOH 7KH SKRWRUHVLVW SRO\PHU
FRQWDLQVDOVRDSKRWRDFLGJHQHUDWRU
7KHELRFRPSDWLEOHSRO\PHUZDVVSLQFRDWHGRQWKHJROGSDWWHUQHGZDIHUE\VSLQQLQJDW
 USP IRUPLQXWH7KHSUHEDNLQJZDVSHUIRUPHGRQ DKRWSODWH DW  & IRU
PLQXWHVDQG WKHH[SRVXUHZDVPDGHRQ WKHVDPHPDVNDOLJQHUZLWKDGRVHRIP-
FP $IWHUZDUGV WKH ZDIHU ZDV SRVWH[SRVXUH EDNH DW  & IRU  PLQXWHV DQG
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RQ WKH ZRUNLQJ HOHFWURGH VXUIDFH (OHFWURGHV ZHUH LQFXEDWHG  KRXUV DW URRP
WHPSHUDWXUH WR DOORZ IRU WKH UHGR[ SRO\PHU DGVRUSWLRQ DQG WKH IRUPDWLRQ RI GDWLYH
ELQGLQJ EHWZHHQ WKLROROLJRQXFOHRWLGH DQG JROG HOHFWURGHV 7KH ZDIHU ZDV VRDNHG LQ
ZDVK VROXWLRQDQGEORFNHGZLWKDQ LQFXEDWLRQRIP0PHUFDSWRHWKDQRO IRUKRXUDW
URRPWHPSHUDWXUH7KHVHFRQGVHWRIHOHFWURGHVZDVH[SRVHGDWQPDQGGHYHORSHG






1D&O RQ WKH DUUD\ ZRUNLQJ HOHFWURGH ZKLFK ZDV LQ FRQWDFW ZLWK WKH UHIHUHQFH DQG
FRXQWHUHOHFWURGH±9ZDVDSSOLHGLQWKHILUVWVHWRIHOHFWURGHVZKHUH+53ODEHOOHG
ROLJRQXFOHRWLGH ZDV LPPRELOL]HG DQG  9 LQ WKH VHFRQG VHW RI HOHFWURGH ZKHUH
DONDOLQH SKRVSKDWDVH $/3 ODEHOOHG ROLJRQXFOHRWLGHZDV GHSRVLWHG  %RWK VXEVWUDWHV






LQFXEDWHG IRUKRXUDW & 7KHZDIHUZDVZDVKHGDQG LQFXEDWHGZLWKµJP/
ELRWLQPXWDWHG%&FDSWXUHSUREHLQP0SKRVSKDWHEXIIHUS+IRUPLQXWHVDW
&DQGWKHQWKHIUHHVWUHSWDYLGLQZDVEORFNHGZLWKµ0ELRWLQLQP0SKRVSKDWH
EXIIHU S+ IRU PLQXWHV DW URRP WHPSHUDWXUH7KHQ WKH VHFRQG VHW RI HOHFWURGHV
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EXIIHU P01D&O P0('7$ S+ ZDV LQFXEDWHG IRU PLQXWHV DW  &
$IWHUHDFKVWHSWKHDUUD\ZDVZDVKHGZLWKWKHEXIIHU
7KHDUUD\VZHUHLQWHUURJDWHGDPSHURPHWULFDOO\LQWKHVDPHPDQQHUDVSUHYLRXVO\









,Q RUGHU WR GHWHUPLQH WKH RSWLPXP FRQGLWLRQV IRU WKH K\EULGLVDWLRQ RI WKH
FRPSOHPHQWDU\ ROLJRQXFOHRWLGH HQ]\PHOLQNHG ROLJRQXFOHRWLGH DVVD\ (/21$ ZDV
SHUIRUPHGWRRSWLPLVHWLPHFRQFHQWUDWLRQDQGWHPSHUDWXUHRIK\EULGLVDWLRQUHVXOWVQRW
VKRZQ,WZDVIRXQGWKDWWKHEHVWVLJQDOQRLVHUDWLRZDVREWDLQHGZLWKµJP/RI
FRPSOHPHQWDU\ WDUJHW LQFXEDWHG  KRXU DW  &  8QGHU WKHVH RSWLPDO FRQGLWLRQV D
K\EULGLVDWLRQ VLJQDO RI  DEVRUEDQFH ZDV REWDLQHG ZLWK D EDFNJURXQG RI 
DEVRUEDQFH)LJXUH

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 &RORXULPHWULFGHWHFWLRQRIROLJRQXFOHRWLGH VSHFLILF IRUEUHDVW
FDQFHU












7KH KLJK EDFNJURXQG REWDLQHG LQ WKLV V\VWHP PD\ EH GXH WR WKH VWUHSWDYLGLQ+53
LQFXEDWLRQ WKDW LV UHTXLUHG LQ WKLV V\VWHP  ,Q WKH SUHYLRXV H[SHULPHQWV WKH
FRPSOHPHQWDU\ROLJRQXFOHRWLGHZDVGLUHFWO\ELRFRQMXJDWHGZLWK+53  ,Q FRQWUDVW LQ
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WR OLQN ELRWLQ ZLWK VWUHSWDYLGLQ+53 KRZHYHU VWUHSWDYLGLQ+53 DOVR ELQGV QRQ
VSHFLILFDOO\ ZLWK WKH VROLG VXSSRUW LQFUHDVLQJ WKH EDFNJURXQG UHVSRQVH  )URP WKH
UHVXOWV LWDSSHDUV WKWVWUHSWDYLGLQ+53LQWHUDFWVQRQVSHFLILFDOO\ZLWK WKHSUREHDQG WKH
(21$V\VWHPDSSHDUVQRWWREHDEOHWRGLVWLQJXLVKWKHPXWDWLRQV7KHV\VWHPZDVQRW




 &RORXULPHWULF GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ RI 3&5
SURGXFWV

2QFH DPSOLILFDWLRQ RI WKH 0WXEHUFXORVLV USR% JHQH UHJLRQ ZDV ILQLVKHG WKH
SUHGRPLQDQW VV PHU ROLJRQXFOHRWLGH REWDLQHG ZDV GHWHFWHG E\ (/21$  /RZ
EDFNJURXQGVLJQDOZDVREVHUYHGDEVRUEDQFHXQLWVZDVREWDLQHGZKHQQR 'LJ
+53ZDV XVHG  DEVRUEDQFHZHUH GHWHFWHGZLWK WKH FRQWUROZLWKRXW FDSWXUH SUREH
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)LJXUH    &RORXULPHWULF GHWHFWLRQ RI PHU ROLJRQXFOHRWLGH DPSOLILHG E\ 3&5 3HUR[LGDVH






WKH ODEHOOHG DQWLERG\ DV FRPSDUHG WR VWUHSWDYLGLQ  ,Q IDFW VWUHSWDYLGLQ KDV EHHQ












DQG WKH YDOXHV WKDW KDYH D OLQHDU UHVSRQVH ZHUH ILW LQ D OLQHDU UHJUHVVLRQ OLQH  7KH
VWDQGDUGGHYLDWLRQRIWKHOLQHZDVPHDVXUHGDQGPXOWLSOLHGE\LQRUGHUWRUHGXFHWKH
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7KH UHDO VXUIDFH DUHD RI DQ HOHFWURGH FDQ EH RUGHUV RI PDJQLWXGH JUHDWHU WKDQ WKH
JHRPHWULFDODUHDVRNQRZLQJWKHDFWLYHDUHDLVPHDQLQJIXOEHFDXVHFXUUHQWGHSHQGVRQ
LW7KHURXJKQHVVIDFWRUVKRZVWKHUDWLRRIWKHUHDOVXUIDFHDUHDWRWKHJHRPHWULFDODUHD










9YHUVXV$J$J&O 7KHFKDUJHDUHDUDWLR LVGLIIHUHQW IRU WKHGLIIHUHQWSODQHVRID
JROGFU\VWDOEXW LW LVXVXDOO\FRQVLGHUHG WREHµ&FP IRU DSRO\FU\VWDOOLQHJROG
HOHFWURGH%DUGDQG'HNNHU
7KLV JROG VKHHW HOHFWURGH KDV EHHQ XVHG DV ZRUNLQJ HOHFWURGH LQ WKH WKLQ OD\HU FHOO
DFFRPSDQLHG ZLWK D SODVWLF VXEVWUDWH $J$J&O LQN RU SODWLQXP UHIHUHQFHFRXQWHU
HOHFWURGH
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'HWHUPLQDWLRQ RI WKH UHDO VXUIDFH DUHD RI EDUH SODWLQXP HOHFWURGHV LV EDVHG RQ WKH
IRUPDWLRQRIDK\GULGHPRQROD\HUHOHFWURFKHPLFDOO\DGVRUEHGDW WKHHOHFWURGHVXUIDFH
7KHPHDVXUHPHQWVZHUHSHUIRUPHG LQ0+62 DW WKHSRWHQWLDO VFDQ UDWH9V
VFDQQLQJ EHWZHHQ  DQG 9 YHUVXV$J$J&O  µ&FPZDV WKH FRQYHUVLRQ
IDFWRUXVHGWRFDOFXODWHWKHUHDOSODWLQXPHOHFWURGHDUHD7UDVDWWLDQG3HWULL
7KLVHOHFWURGHKDVEHHQXVHGDVUHIHUHQFHFRXQWHUHOHFWURGHLQDWZRHOHFWURGHFHOORUDV
FRXQWHU HOHFWURGH LQ D WKUHHHOHFWURGH FHOO  7KLV HOHFWURGH FRQVLVWV RQ D  PP
SODWLQXPZLUHFRLOHGLQVSLUDOWRLQFUHDVHLWVDUHD
7KH H[SHULPHQWDO YDOXH RI SODWLQXP DUHDZDV  FP  7KLV 3W HOHFWURGHZDV XVHG DV
FRXQWHUUHIHUHQFH HOHFWURGH LQ D WZRHOHFWURGH FHOOZLWK WKH JROG VKHHW HOHFWURGH   ,Q
RUGHUWRVXSSRUWWKHFXUUHQWWKRXJKHOHFWURGHVDQGWRPDLQWDLQLWVLQKHUHQWSRWHQWLDOWKH
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FDSDFLWDQFH 7KHHOHFWULFDOGRXEOH OD\HU LV WKHDUUD\RIFKDUJHVSDUWLFOHVDQGRULHQWHG
GLSROHVWKDWH[LVWVDWHYHU\PDWHULDOLQWHUIDFH,QHOHFWURFKHPLVWU\VXFKOD\HUUHIOHFWVWKH
LRQLF ]RQHV IRUPHG LQ WKH VROXWLRQ WR FRPSHQVDWH IRU WKH H[FHVV RI FKDUJH RQ WKH
HOHFWURGH  7KXV D QHJDWLYHO\ FKDUJHG HOHFWURGH DWWUDFWV D OD\HU RI SRVLWLYHO\ FKDUJHG
LRQV
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 (OHFWURFKHPLFDO GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ ZLWK
GLIIXVLRQDOPHGLDWRU














VXUIDFH WKURXJK D GDWLYH ERQG ZLWK WKH JROG VXUIDFH DQG FRPSOHPHQWDU\+53
K\EULGLVDWLRQ ZDV FKURQRDPSHURPHWULFDOO\ GHWHFWHG ZLWK WKH DGGLWLRQ RI +2 DQG
GLIIXVLRQDOPHGLDWRU>2VES\S\U&+1+@&O

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VWHDG\VWDWHFXUUHQW LI WKHFHOO LV WKLQHQRXJK $OWKRXJKDQHIIRUWZDVPDGH WRFUHDWH





7KH SORW RI WKHVH FXUUHQWV DFKLHYHG IRU K\EULGLVDWLRQ RI WKH FRPSOHPHQWDU\+53
VHTXHQFH WKURXJKGLIIXVLRQDOPHGLDWLRQDQG WKHFRQWUROVPHDVXUHG IRU WKLV V\VWHPDUH
VKRZQLQ)LJXUH

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$V FDQ EH DSSUHFLDWHG LQ )LJXUH  WKH FRQWURO ZLWKRXW FRPSOHPHQWDU\+53 KDV D
GLIIHUHQWVKDSHFRPSDULQJZLWKFRQWUROZLWKRXWFDSWXUHSUREHRUVDPSOHUHVSRQVH7KH
V\VWHPZKHUH+53ZDVQRWDGGHGKDVDSRVLWLYHVORSLQJWRZDUGVWKHEDVHOLQHZKLOHWKH
FKURQRDPSHURJUDP REWDLQHG IURP WKH V\VWHPZLWKRXW FDSWXUH SUREH VKRZ D QHJDWLYH
VORSHGXHWRWKHHQ]\PHUHVSRQVHZKLFKDFFXPXODWHVWKHR[LGLVHGPHGLDWRULQWKHFHOO
+RZHYHU LQ WKHFDVHRI WKHFRQWUROZLWKRXWFDSWXUHSUREH+53UHVSRQVHFRPHV IURP
WKHQRQVSHFLILFDGVRUSWLRQRQWKHVXUIDFH
7KH FDWDO\WLF FXUUHQW DFKLHYHG IRU K\EULGLVDWLRQ RI WKH FRPSOHPHQWDU\+53 VHTXHQFH
ZDVµ$ZKLFKZDVVLJQLILFDQWO\KLJKHUWKDQWKHFRQWUROV)LJXUH%DFNJURXQG
FXUUHQWV IRU WKH FRQWURO H[SHULPHQWV RI µ$ZDV REWDLQHGZKHQ FRPSOHPHQWDU\
+53 ZDV QRW XVHG WR WHVW WKH FXUUHQW WKDW FRXOG EH REWDLQHG IURP WKH PHGLDWRU
+RZHYHUDVVKRZV)LJXUHWKLVUHGXFWLRQFXUUHQWGHFUHDVHGH[SRQHQWLDOO\ZLWKWLPH
7R JDXJH WKH QRQVSHFLILF DGVRUSWLRQ RI FRPSOHPHQWDU\+53 WKH FDSWXUH SUREHZDV
QRWLPPRELOLVHGRQWKHVXUIDFHREWDLQLQJµ$)XUWKHUPRUHUHVXOWVREWDLQHGIURP




WKH HOHFWURFKHPLFDO GHWHFWLRQ DOORZV IDVWHU GHWHFWLRQ LQ VPDOO YROXPHV DQGPLQLPXP
PDQLSXODWLRQVWHSV

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 (OHFWURFKHPLFDO GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ ZLWK QRQ
GLIIXVLRQDOPHGLDWRU

5HSODFLQJ WKH GLIIXVLRQDO PHGLDWRU ZLWK D UHGR[ SRO\PHU IRU WKH WUDQVGXFWLRQ RI
UHGXFLQJ HTXLYDOHQWV IURP WKH HOHFWURGH VXUIDFH WR WKH SHUR[LGDVH ODEHO RI K\EULGV
FRQIHUV VHYHUDO DGYDQWDJHV WR WKH GHWHFWLRQ SODWIRUP  7KH V\VWHP EHFRPDH TXDVL
UHDJHQWOHVVEHFDXVHRQO\ WKHDGGLWLRQRI WKHHQ]\PHVXEVWUDWH LVQHHGHG WKHGHWHFWLRQ







)LJXUH5HGR[SRO\PHUXVHGLQWKH'1$GHWHFWLRQ[ \ ] 

,QWKLVHOHFWURGHFRQILJXUDWLRQVWUHSWDYLGLQLVFRLPPRELOLVHGZLWKWKHFURVVOLQNHGZLWK
3(*'(  $ ELRWLQLODWHG FDSWXUH SUREH LV VXEVHTXHQWO\ LQFXEDWHGZLWK WKH HOHFWURGH
SURYLGLQJ WKH VHQVRU RQ ZKLFK FRPSOHPHQWDU\+53 K\EULGLVDWLRQ FDQ EH
FKURQRDPSHURPHWULFDOO\GHWHFWHGZLWKWKHVLPSOHDGGLWLRQRI+26FKHPH

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UHGR[ SRO\PHU LV D SRO\FDWLRQ  )RU WKLV UHDVRQ LW LV IDLUO\ LPSRUWDQW WR RSWLPLVH WKH
UHODWLRQEHWZHHQUHGR[SRO\PHU3(*'(DQGVWUHSWDYLGLQLQWKHILOP
7KHILOPFRPSRVLWLRQZDVRSWLPLVHGZLWKUHVSHFWWRWKHDPRXQWRIUHGR[SRO\PHUDQG
FURVVOLQNHU  5HGR[ S\PHU ZDV YDULHG IURP  WR   ZZ LQ WKH ILOP DQG WKH
FURVVOLQNHG3(*'(IURPWRZZ,WVKRXOGEHQRWHGWKDWDVWKHSHUFHQWDWJH
RI UHGR[ SRO\PHU RU 3(*'( ZDV LQFUHDVHG  WKH ILOP WLFNQHVV ZDV DOVR LQFUHDVHG
7KLV FDQ KDYH WZR RSSRVLWH HIIHFWV RQ RQH KDQG LW SURYLGHVPRUH HIILFLHQW HOHFWURQH
WUDQVIHUEHFDXVHWKH+53LVFORVHUWRWKHUHGR[PHGLDWRUDQGRQWKHRWKHUKDQGLWFDXVHV
VORZHU HOHFWURQ KRSLQJ WKURXJK WKH HYHU LQFUHDVLQJ GLVWDQFH IRU HOHFWURQ WUDQVIHU
8VXDOO\WKHWZRHIIHFWVEDODQFHHDFKRWKHUDWDQRSWLPXPILOPWKLFNQHVV7KHUHVXOWRI
WKLVRSWPLVDWLRQDUHVXPPDULVHGLQ)LJXUHVDQG
$V VKRZQ LQ )LJXUH  KLJKHU DPRXQW RI UHGR[ SRO\PHU FDXVH DQ LQFUHDVH RI WKH
FXUUHQWDQGDOVRLPSURYHWKHGLIIHUHQFHEHWZHHQVSHFLILFDQGQRQVSHFLILFVLJQDO7KLV
LVDQXQH[SHFWHGUHVXOWVVLQFH WKHSRO\FDWLRQLFSRO\PHUVKRXOGDWWUDFWQRQVSHFLILFDOO\
WKH FRPSOHPHQWDU\+53 DQG LV SUREDEO\ GXH WR WKH ILOP PRUSKRORJ\  QRQVSHFLILF
DGVRUSWLRQ RFFXUV DW WKH RXWHU PRUH GLVWDQW OD\HU RI WKH K\GURJHO ZKHUHDV VSHFLILF
LQWHUDFWLRQVRFFXUHFORVHUWRWKHVXUIDFHSURYLGLQJIDVWHUHOHFWURQWUDQVIHU

UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente










DQGQRQVSHFLILFFXUUHQWV $WKLJKFRQFHQWUDWLRQV WKHFURVVOLQNLQJSUREDEO\ OLPLWV WKH
DFFHVVLELOLW\RIWKHFDSWXUHSUREHDQGWKHPRELOLW\RIWKHSRO\PHUFKDLQV%RWKHIIHFWV
ORZHUWKHHOHFWURQWUDQVIHUHIILFLHQF\DQGOLPLWWKHUHVSRQVH
)URP WKH DERYH WKHUH DSSHDUV WR EH DQ RSWLPXP ILOP FRPSRVLWLRQ DW WKH UDWLR 
ZZRI UHGR[SRO\PHU3(*'(VWUHSWDYLGLQ 7KLVFRPSRVLWLRQZDVXVHGIRU IXUWKHU
H[SHULPHQW

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7KH RSWLPLVHG HOHFWURGHV VKRZHG DOPRVW QR UHVSRQVH WR +2 LQ WKH DEVHQFH RI













 (OHFWURFKHPLFDO GHWHFWLRQ RI GLUHFW K\EULGLVDWLRQ RI 3&5
SURGXFWZLWKQRQGLIIXVLRQDOPHGLDWRU

7RH[DPLQH WKH IHDVLELOLW\RIXVLQJ WKH'1$VHQVRUV WRGHWHFW ODEHOOHG3&5SURGXFWV
DV\PPHWULF 3&5 IRU WKH VSHFLILF DPSOLILFDWLRQ RI0\FREDFWHULXP WXEHUFXORVLV USR%
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JHQH UHJLRQFRQWDLQLQJPXWDWLRQV WKDW FRQIHU UHVLVWDQFH WR ULIDPSLFLQZDVFDUULHGRXW
3UHGRPLQDQWO\ VLQJOH VWUDQGHG PHU GLJR[LJHQLQODEHOOHG ROLJRQXFOHRWLGH ZDV
REWDLQHG  7KLV DPSOLILHG ROLJRQXFOHRWLGH VHTXHQFH ZDV GHWHFWHG IROORZLQJ D VLPLODU
SURWRFRO DV IRU WKH QRQGLIIXVLRQDO GHWHFWLRQ RI PHU ROLJRQXFOHRWLGHV XVLQJ WKH




&RQWURO HOHFWURGHV ZHUH XVHG WR TXDQWLI\ QRQVSHFLILF DGVRUSWLRQ RI WKHα'LJ+53
7\SLFDOO\ UHVSRQVHV DUH GHSLFWHG LQ )LJXUH  DQG WKH UHVXOWV DUH VXPPDULVHG LQ
)LJXUH







FDVH RI PHU GHWHFWLRQ    Q$ ZKHUHDV WKH QRQVSHFLILF FXUUHQWV LQFUHDVHG
UHDFKLQJDSSUR[LPDWHO\RIWKHVSHFLILFUHVSRQVH7KHKLJKQRQVSHFLILFFXUUHQWV
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6HYHUDO IDFWRUV FRQWULEXWH WR WKH ORZHU FXUUHQWV REWDLQHG ZLWK WKH PHU
ROLJRQXFOHRWLGHV7KHHQ]\PHODEHOIRUWKHPHUROLJRQXFOHRWLGHZDVPXFKFORVHUWR
WKHUHGR[FHQWUHVRIWKHSRO\PHUWKDQWKDWRIWKHPHU7KLVLVVREHFDXVHLQWKHFDVH
RIPHUROLJRQXFOHRWLGH WKHGLVWDQFHEHWZHHQ WKH¶ ODEHO DQG WKH HOHFWURGH VXUIDFH
ZDVcZKLOHZDVcIRUWKHPHUROLJRQXFOHRWLGH6LQFHWKHUHGR[SRO\PHU
ZDVVXUIDFHERXQG WKHHOHFWURQVSURGXFHGLQWKHODEHORI WKHPHUROLJRQXFOHRWLGH
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7R GHPRQVWUDWH WKDW VHYHUDO HOHFWURFKHPLFDO '1$ ELRVHQVRUV FDQ EH LQWHJUDWHG LQ D
PXOWLDQDO\WHGHWHFWLRQGHYLFHDWZRHOHFWURGHIHDVLELOLW\H[HUFLFHZDVXQGHUWDNHQ7KH
XVHRILQWHUGLJLWDWHGHOHFWURGHVJXDUDQWHHVKLJKHQRXJKFXUUHQWVZKLFKDWWKHVDPHWLPH





ZDV UHPRYHG IURP WKH VHFRQG VHW RI HOHFWURGHV$ VHFRQG LQFXEDWLRQZLWK D GLIIHUHQW
ELRPROHFXOH ZRXOG DOORZ WKH FRQVWUXFWLRQ RI DQ DUUD\ ZLWK FORVHO\ VSDFHG
IXQFWLRQDOLWLHV  +RZHYHU GXULQJ WKH VHFRQG LQFXEDWLRQ ERWK HOHFWURGHV DUH H[SRVHG
ZKLFKFRXOGEULQJDERXWDQRQGHVLUHDGVRUSWLRQRIWKHVHFRQGELRPROHFXOHRQWKHILUVW
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WKH QRQVSHFLILF DGVRUSWLRQ RI WKH VHFRQG ROLJRQXFOHRWLGH RQ WKH ILUVW VSHFLILFDOO\













D WKLUG KLJKHU DGGLWLRQ ZDV PDGH :KHQ  P0 RI SDPLQRSKHQ\O SKRVSKDWH ZDV
DGGHG LQWR WKH FHOO DIWHU WKH+2QR UHVSRQVHZDVGHWHFWHG IURP WKH+53HOHFWURGH
ZKLOHDQR[LGDWLRQUHVSRQVHZDVPHDVXUHGIRUWKHHOHFWURGHZLWKROLJRQXFOHRWLGH$/3
DUHVSRQVHWKDWZDVUHSHDWHGDIWHUDVHFRQGLQMHFWLRQ7KHUHIRUHLWFDQEHFRQFOXGHGWKDW
QRFURVVWDONRFFXUVEHWZHHQ WKHHOHFWURGHVDQG WKDW WKHQRQVSHFLILFDGVRUSWLRQRI WKH
VHFRQGROLJRQXFOHRWLGHLILWVRFFXUVLVORZDQGLWFDQQRWEHGHWHFWHGHOHFWURFKHPLFDOO\
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)LJXUH  VKRZV WKH DPSHURPHWULF UHVXOWV DQG WKH UHVSRQVH IRU GLIIHUHQW





ZDV LPPRELOLVHG RQO\ µ$ZDV REVHUYHG IRU WKH VDPH FRQFHQWUDWLRQ RI VXEVWUDWH
7KHDUUD\ZKHUHWKHWDUJHWZDVQRWLQFXEDWHGVKRZVWKDWWKH+2GRHVQRWSURGXFHDQ\
FXUUHQWE\LWVHOILQWKHFRQGLWLRQVRIWKHH[SHULPHQW
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ODEHOOHG 3&5 ROLJRQXFOHRWLGH SURGXFWV  7ZR GLIIHUHQW WUDQVGXFWLRQ VFKHPHV DUH
GHVFULEHGGLIIXVLRQDODQGQRQGLIIXVLRQDODQGWKH\ERWKVKRZHGVLPLODUUHOLDELOLW\DQG
VHQVLWLYLW\  7KH HOHFWURFKHPLFDO GHWHFWLRQ FRPSDUHV ZHOO WKH ³VWDQGDUG´ RSWLFDO
(/21$ GHWHFWLRQ ERWK LQ WHUPV RI UHDOLDELOLW\ DQG IDFLOH XVH  +RZHYHU
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/L - &KX ; /LX < -LDQJ - +H = =KDQJ = 6KHQ * <X 5 1XFOHLF $FLGV
5HVHDUFK
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GHPRVQWUDWHG WKDW DQ HOHFWURFKHPLFDO (/21$ FDQ EH LPSOHPHQWHG  +RZHYHU LWV











WKHV\VWHP $GHFUHDVHRI WKHVLJQDOVKRXOGEHSURGXFHGWKDWYHULILHV WKHSUHVHQFHRI
WKHWDUJHWDQGWKLVGHFUHDVHVKRXOGEHSURSRUWLRQDOWRLWVFRQFHQWUDWLRQ
7ZR GLIIHUHQW VXERSWLPXP ODEHOV ZHUH GHYHORSHG FRUUHVSRQGLQJ WR WZR GLIIHUHQW
HOHFWURFKHPLFDOGHWHFWLRQVWUDWHJLHV 7KHILUVW LVGHSLFWHG LQ6FKHPHDQGLQYROYHV
ODEHOOLQJ RI WKH VXERSWLPXP VHTXHQFHV ZLWK +53 LQ WKH KRSH RI DFKLYLQJ VLJQDO
DPSOLILFDWLRQ ZKLFK ZRXOG SURYLGH D KLJKHU PDUJLQ IRU GLVSODFHPHQW GHWHFWLRQ DQG
WKHUHIRUH ORZHU GHWHFWLRQ OLPLWV  6XERSWLPXP VHTXHFHV DQG GLVSODFHPHQW FRQGLFLRQV
ZHUHRSWLPLVHGFRORXULPHWULFPHWKRGVDQGHOHFWURFKHPLFDOGHWHFWLRQGHPRVQWUDWHGRQO\
ZLWKWKHGLIIXVLRQDOPHGLDWRUEDVHGSODWIRUPGHYHORSHGLQFKDSWHU
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ZLWK IHUURFHQ UHSRUWHUPROHFXOHV WKDWZHUH GHWHFWHGZLWK D YDULHW\ RI HOHFWURFKHPLFDO
WHFKQLTXHVLQRUGHUWRGHFLGHRQRQHWKDWFRXOGFRQIHUKLJKHUVHQVLWLYLW\ 7KLVVHFRQG
VXERSWLPXP VHTXHQFH ZDV GHVLJQHG WR GHWHFW WKH F\VWLF ILEURVLV JHQH DQG WKHUHIRUH
RSWLPLVDWLRQRIWKHPLVPDWFKHGEDVHSDLUVZDVOLPLWHG

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PHU WKLROODEHOOHG PXWDWHG ROLJRQXFOHRWLGH  7KLV ROLJRQXFOHRWLGH VWUDQG ZDV DOVR
VXEVHTXHQWO\ ELRFRQMXJDWHG ZLWK PDOHLPLGH DFWLYDWHG KRUVHUDGLVK SHUR[LGDVH




7KHPHUROLJRQXFOHRWLGHVHTXHQFHVSHFLILF IRUGHWHFWLRQRI WKHF\VWLF ILEURVLV &)
JHQH  7KHVH ROLJRQXFOHRWLGHV ZHUH SXUFKDVHG IURP 9%& %LRWHFK 6HUYLFH *PEK
$XVWULDDQG(XURJHQWHF%HOJLXP
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$OO VWRFN ROLJRQXFOHRWLGH VROXWLRQV ZHUH PDGH DW PJ P/ ZLWK DXWRFODYHG PLOOL4
ZDWHUDQGVWRUHGDW&
F2WKHUFKHPLFDO
0DOHLPLGH+53 3 ¶¶7HWUDPHWK\OEHQ]LGLQH OLTXLG 6XEVWUDWH 70%
7 'HQKDUGW
V VROXWLRQ ' 1 1¶GLF\FORKH[\OFDUERGLLPLGH ('&
' 6RGLXP WHWUDERUDWH  '1$ VDOPRQ WHVWHV ' ERYLQH VHUXP
DOEXPLQ%6$% WULVK\GUR[\PHWK\ODPLQRPHWKDQHDFHWLF7ULV$F7
WULVK\GUR[\PHWK\ODPLQRPHWKDQHK\GURFKORULGH DFLG 7ULV+&O 7
3RO\HWK\OHQHJO\FROVRUELWDQPRQRODXUDWHWZHHQ7(WK\OHQHGLQLWULOWHWUDDFHWLF
DFLG ('7$ ( GLDPPRQLXP FLWUDWH & VWUHSWDYLGLQ SHUR[LGDVH ODEHOOHG
6VDOLQHVRGLXPFLWUDWHEXIIHU66&6IHUURF\DQLGH3IHUULF\DQLGH
3DQGPHUFDSWRHWKDQRO0ZHUHSXUFKDVHGIURP6LJPD1D&O
+&O  .2+  .+32  +62  DQG +2
 ZHUH VXSSOLHG IURP 3DQUHDF 6RGLXP WHWUDERUDWH 
GLPHWK\OIRUPDPLGH  IHUURFHQHDFHWLF DFLG  GLWKLRWKUHLWRO '77
 DQG 1+\GUR[\VXFFLQLPLGH 1+6  ZHUH IURP $OGULFK DQG 
K\GUR[\SLFROLQLFDFLG+3$IURP)OXND7KH6HSKDGH[*'1$JUDGHUHVLQ
ZDV SXUFKDVHG IURP$PHUVKDP3KDUPDFLD%LRWHFK 6WUHSWDYLGLQ FRDWHG
SODWHV ZHUH SXUFKDVHG IURP /DEV\VWHPV  7KH HOHFWURQFRQGXFWLQJ GLIIXVLRQDO UHGR[
PHGLDWRU >2VES\S\U&+1+@&O ZDV V\QWKHVLVHG DV UHSRUWHG LQ WKH OLWHUDWXUH
*UHJJDQG+HOOHU
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(/21$ ZDV SHUIRUPHG ZLWK DQ (/,6$ SODWH UHDGHU 6SHFWUD0D[ 3& IURP
0ROHFXODU'HYLFHVUXQQLQJ6RIW0D[3URVRIWZDUH
(OHFWURFKHPLFDO PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ DQ $XWRODE 3*67$7
HOHFWURFKHPLFDO DQDO\VLV V\VWHP UXQQLQJ *3(6 PDQDJHPHQW VRIWZDUH IURP (FR




SRWHQWLDOV FRQVLVWHQW WKURXJKRXW WKLVZRUN WKLV HOHFWURGHKDV EHHQ FDOLEUDWHG IRU HDFK
VROXWLRQDJDLQVWDVWDQGDUG$J$J&O
E)HUURFHQHODEHOOHGGLVSODFHPHQW
)RU FKDUDFWHULVDWLRQ RI IHUURFHQH ODEHOOHG ROLJRQXFOHRWLGH PDWUL[ DVVLVWHG ODVHU
GHVRUSWLRQ LRQLVDWLRQWLPHRIIOLJKW PDVV VSHFWURPHWU\ 0$/',72) GHWHFWLRQ ZDV
FDUULHGRXWLQDVWDLQOHVVVWHHOSODWHZLWKD9R\DJHU'(675IURP$SSOLHG%LRV\VWHPV
7KH H635HOHFWURFKHPLFDO FHOO LV D WZRHOHFWURGH V\VWHPZLWK D PPJROG OD\HU
VHQVRUGLVNZRUNLQJHOHFWURGH WKDW LVGHILQHGE\DJDVNHWZKHQ WKHFHOO LV DVVHPEOHG
7KH µ/ FHOO KDV SODWLQXP UHIHUHQFH DQG FRXQWHU HOHFWURGH 7KH LQVWUXPHQW FDQ EH
SURJUDPPHGIRUDXWRPDWLFLQMHFWLRQDQGZDVKLQJVWHSV
,PSHGDQFHPHDVXUHPHQWVZHUHFDUULHGRXWLQWKHVDPHH635HOHFWURFKHPLFDOFHOOZLWK
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7KH PHU FRPSOHPHQWDU\ ROLJRQXFOHRWLGH DQG WKH PHU PXWDWHG ROLJRQXFOHRWLGH
ZHUHSXUFKDVHGZLWKD¶WKLRODQGDDWRPFDUERQVSDFHU 7KH\ZHUH ODEHOOHGZLWK
+53 XVLQJ PDOHLPLGH DFWLYDWLRQ +HUPDQVRQ  7KH PDOHLPLGH DFWLYDWHG
SHUR[LGDVHZDVGLVVROYHG LQ VRGLXPSKRVSKDWHEXIIHU 3%6P0P0('7$
DQGP01D&O DW S+ DQGPL[HGZLWK D WHQIROGPRODU H[FHVVRI WKLRO ODEHOOHG
ROLJRQXFOHRWLGHVROXWLRQZLWKUHVSHFWWRPDOHLPLGH+537KHVROXWLRQZDVOHIWWRVWDQG
IRUKRXUVLQWKHGDUNDQGWKHQVHSDUDWHGZLWKD6HSKDGH[*JHOILOWUDWLRQFROXPQ








J P/PXWDWHG+53 ROLJRQXFOHRWLGH LQ K\EULGLVDWLRQ EXIIHU ZDV DGGHG DQG OHIW WR
LQFXEDWHIRUKRXUDW&+\EULGLVDWLRQRIPXWDWHG+53DQGFRPSOHPHQWDU\±+53
ZHUH RSWLPLVHG IRU YDULRXV FRQFHQWUDWLRQV WLPHV DQG WHPSHUDWXUHV WR REWDLQ WKH EHVW
FRQGLWLRQVIRUSUHK\EULGLVDWLRQRIPXWDWHG+53DQGLWVVXEVHTXHQWGLVSODFHPHQW
7KHEDFNJURXQG VLJQDOZDVHVWDEOLVKHGZLWK WKHSUHK\EULGLVHG+53ODEHOOHGPXWDWHG
ROLJRQXFOHRWLGHZKLFKZDVPHDVXUHGDIWHU DGGLWLRQRI /RI70%DQG LQFXEDWLRQ
IRU PLQXWHV DW  &  ,Q ZHOOV ZKHUH GLVSODFHPHQW ZDV HYDOXDWHG DIWHU WKH SUH
K\EULGLVDWLRQ VWHS ZLWK PXWDWHG+53 ROLJRQXFOHRWLGH  / RI  J P/
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(OHFWURFKHPLFDOPRQLWRULQJ RI GLVSODFHPHQW RI+53
ODEHOOHGVHTXHQFHV

7KH HOHFWURFKHPLFDO GHWHFWLRQ RI GLVSODFHPHQW ZDV FDUULHG RXW RQ VFUHHQSULQWHG
HOHFWURGHV
7KH ELRWLQFDSWXUH SUREH ZDV LPPRELOLVHG WKURXJK ELRWLQVWUHSWDYLGLQ OLQNDJH
6WUHSWDYLGLQZDVDGVRUEHGRQWKHVXUIDFHE\LQFXEDWLQJWKH63(IRUPLQXWHVDWURRP
WHPSHUDWXUHLQ JP/VWUHSWDYLGLQ7KHHOHFWURGHZDVH[SRVHGWRD JP/RI
ELRWLQFDSWXUH SUREH IRU  PLQXWHV DW URRP WHPSHUDWXUH 7KLV ZDV IROORZHG E\ D
EORFNLQJVWHSLQFXEDWLQJWKH63(IRUKRXUDW&LQP07ULV+&OS+
%6$WREORFNDQ\UHPDLQLQJDFWLYHVWUHSWDYLGLQVXUIDFH









 ORIPJP/ RI2VES\PHGLDWRU LQP07ULV+&OS+ ORIP0
K\GURJHQ SHUR[LGH LQ WKH VDPH EXIIHU DQG  O RI  JP/ FRPSOHPHQWDU\ WDUJHW
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$PLQH&¶$$7$7&$77**7*77¶ ZDV WKH PXWDWHG VHTXHQFH RI WKH '1$




11¶GLF\FORKH[\OFDUERGLLPLGH ('& LQ DQK\GURXV GLPHWK\OIRUPDPLGHZHUH DGGHG
WRDVROXWLRQRIQPRORIIHUURFHQHDFHWLFDFLGLQWKHVDPHVROYHQW7KHILQDOYROXPH
ZDV µ/7KH UHDFWLRQPL[WXUHZDV VWLUUHG DW URRP WHPSHUDWXUH XQGHU DUJRQ XQWLO
DSSHDUDQFH RI D SUHFLSLWDWH  ('& IRUPV DQ DFWLYH HVWHU IXQFWLRQDO JURXS ZLWK
FDUER[\ODWHJURXSXVLQJ1+6,QWKLVUHDFWLRQDSUHFLSLWDWHRIRDF\OXUHDLVIRUPHGWKDW
ZDV UHPRYHG E\ FHQWULIXJDWLRQ DQG WKH VXSHUQDWDQW ZDV DGGHG WR  µ/ RI  0
VRGLXP WHWUDERUDWH EXIIHU DW S+  FRQWDLQLQJ  QPRO RI WKH DPLQR PRGLILHG
ROLJRQXFOHRWLGHDQGLWZDVOHIWWRUHDFWIRUKRXUVDWURRPWHPSHUDWXUH7KHDFWLYHHVWHU
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)LJXUH   7XEHV HOXWHG IURP D VL]H H[FOXVLRQ FKURPDWRJUDSK\ WR VHSDUDWH IHUURFHQH ODEHOOHG
ROLJRQXFOHRWLGHIURPIHUURFHQHDFHWLFDFLG

89 VSHFWRSKRWRPHWU\PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ FP SDWK OHQJWK TXDUW]
FXYHWWHV  7KLV WHFKQLTXH ZDV XVHG WR PHDVXUH WKH DEVRUEDQFH DW  QP RI
IHUURFHQHDFHWLFDFLGDQGWKHQPRIWKHROLJRQXFOHRWLGHEDVHVRIWKHIUDFWLRQVHOXWHG
IURPWKHVHSDUDWLRQFROXPQ
0$/',72)FKDUDFWHULVDWLRQZDVFDUULHGRXUXVLQJ DK\GUR[\SLFROLQLF DFLG +3$
PDWUL[ $  J / VROXWLRQ RI +3$ LQ 0LOOL4 ZDWHU DQG  J / VROXWLRQ RI
GLDPPRQLXP FLWUDWHZHUH SUHSDUHG DQG ERWK UHDJHQWVZHUH FRPELQHG LQ D UDWLR RI 
+3$1+&LWUDWH    7KH PL[WXUH ZDV VWLUUHG IRU  PLQXWH DQG FHQWULIXJHG WR




VKRWV ZHUH DSSOLHG LQ D OLQHDU PRGH IRU WKH PHDVXUHPHQW  $PLQH&¶
$$7$7&$77**7*77¶ZDVXVHGDVDSULPDU\VWDQGDUGDQGWKHVDPHSURWRFROZDV
XVHG IRU WKHLU GHWHFWLRQ E\0$/',72)  7KH0$/',72) VSHFWUD DUH GHSLFWHG LQ
)LJXUHDQG
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PHDVXUH WKH EDFNJURXQG UHVSRQVH RI WKH EDUH VXUIDFH ZLWK EXIIHU E\ F\FOLF
YROWDPSHURPHWU\ &9 GLIIHUHQWLDO SXOVH YROWDPPHWU\ '39 DQG LPSHGDQFH  7KH
FRQGLWLRQVXVHGIRU&9PHDVXUHPHQWVZHUHVFDQUDWHRI9VEHWZHHQ±9DQG
9'39ZDV VFDQQHG EHWZHHQ  DQG 9ZLWK DQ LQFUHPHQW RI SRWHQWLDO RI
9DQDPSOLWXGHRI9DSXOVHZLGWKRIVHFRQGVDQGDSXOVHSHULRGRI
VHFRQGV&RQGLWLRQVIRULPSHGDQFHH[SHULPHQWVZHUHLQLWLDOSRWHQWLDORI9
IUHTXHQFLHV IURP  0+] WR  +] DQG DPSOLWXGH RI  9  7KH VDPH







URRP WHPSHUDWXUH WR EORFN WKH UHPDLQHG JROG VXUIDFH QRQRFFXSLHG E\ WKH FDSWXUH
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1D&O S+  LQWR D  HOHFWURGHV FHOO VHW XS ZLWK SODWLQXP DV UHIHUHQFH DQG FRXQWHU
HOHFWURGH  $ SRWHQWLDO RI ± 9ZDV DSSOLHG WR UHFRUG UHGXFWLRQ RI IHUURFHQH DQG
ZKHQWKHFXUUHQWDUULYHGDWWKHEDVHOLQHVHFRQGVµ/P0RI)H&1 LQ











SUREH LPPRELOLVHG RQ WKH VXUIDFHZLWK D VXERSWLPXP+53PXWDWHG ROLJRQXFOHRWLGH
'XHWRWKHKLJKHUDIILQLW\RIWKHWDUJHWWKDWLVIXOO\FRPSOHPHQWDU\WRWKHFDSWXUHSUREH
WKHVXERSWLPXPODEHOFDQEHGLVSODFHGZKHQWKHFRPSOHPHQWDU\WDUJHWLVLQWURGXFHGLQ
WKH V\VWHP  7KH GHFUHDVH RI WKH VLJQDO VKRXOG YHULI\ WKH SUHVHQFH RI WKH WDUJHW DQG
VKRXOGEHSURSRUWLRQDOWRLWVFRQFHQWUDWLRQ
,Q RUGHU WR REWDLQ D IXQFWLRQDO GLVSODFHPHQW V\VWHP LW LV LPSRUWDQW WR KDYH D SUH
K\EULGLVDWLRQRIWKHPXWDWHG+53WKDWLVVWDEOHHQRXJKWRPDLQWDLQWKHGXSOH[XQWLOWKH
WDUJHWFDQFDPHLQWRFRQWDFWZLWKWKHFDSWXUHSUREH7KLVSUHYHQWVWKHGLVSODFHPHQWRI
PXWDWHG+53 E\ EXIIHU RU RWKHU QRQFRPSOHPHQWDU\ ROLJRQXFOHRWLGHV  $W WKH VDPH
WLPH WKLVGXSOH[VKRXOGEHXQVWDEOHHQRXJK WREHGLVSODFHGE\ WKH WDUJHW WKDW LV IXOO\
FRPSOHPHQWDU\WRWKHFDSWXUHSUREH
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*7PLVPDWFKHVKRZHYHU WKH\DOO FRLQFLGHGZLWK WKH ORZHUVWDELOLW\RI&&DQG&7
PLVPDWFKHV
)XUWKHUPRUH WKH UHODWLYH VWDELOLW\ RI GXSOH[HV ZLWK WZR LQWHUQDO DGMDFHQW PLVPDWFKHV
ZDVVWXGLHG,WZDVIRXQGWKDWWKHVWDELOLW\VHULHVIROORZVWKHRUGHU*$*$!$$77!
7$7$!$$*&!*7*$!$$*$!***$!**7$!*77$!**7*!**
7* &$*& &$*$ *&7$ 7$*&!*77*!$$$& *777!*&7*!
&$&& &$$& 7$$& 7&7* $$&& *&77!7$&&!7&77 7&
$&!7&7& 7&&&.HDQG:DUWHOO








&UDLJ HW DO &DQWRU DQG6FKLPPHO  VRPLVPDWFKHV QHDU WKH VXUIDFH DUH
H[SHFWHGWRDIIHFWWKHHIILFLHQF\RIGXSOH[IRUPDWLRQ+RZHYHU'1$GXSOH[HVZLWKWKH
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PLVPDWFKLQJ EDVH SDLU ORFDWHG QHDU WKH ¶ HQG RI WKH GXSOH[ IDU IURP WKH VXUIDFH
VXIIHUHG VWURQJHUGHVWDELOLVLQJHIIHFW DV FRPSDUHG WRPLVPDWFKHVFORVHU WR WKH¶ HQG
,QWHUQDOPLVPDWFKHVGHVWDELOLVHWKHGXSOH[PRUHVLJQLILFDQWO\WKDQWHUPLQDOPLVPDWFKHV







WKDW D KLJK WKHUPRG\QDPLF VWDELOLW\ZDVQHHGHG WKDW FRXOG VWLOO KRZHYHU EHGLVWXUEHG
NLQHWLFDOO\ )RXUPXWDWLRQV ** 7*$* DQG 7* KDV EHHQ LQFRUSRUDWHG IRU WKLV
UHDVRQ7KUHHRIWKHVHIRXUPXWDWLRQVKDYHJUHDWVWDELOLW\LQWKHUDQNLQJRI6DQWD/XFLD
DQGFRZRUNHUV 3H\UHW HW DO $OODZLDQG6DQWD/XFLD $OODZL DQG6DQWD













ODEHOOHG ZLWK D UHSRUWHU PROHFXOH ZKLFK FRXOG GHVWDELOLVH WKH GXSOH[  )RWLQ HW DO
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WKDW K\EULGLVH ZLWK DQ LPPRELOLVHG FDSWXUH SUREH  $ VOLJKW GHFUHDVH RI∆* IRU WKH
ODEHOOHG VHTXHQFHZDV REWDLQHGZKLFKZDV FORVH WR WKH H[SHULPHQWDO HUURU+RZHYHU
)RWLQ¶V H[SHULPHQWV ZHUH FDUULHG RXW ZLWK D VPDOO IOXRUHVFHQW ODEHO
KH[DFKORURIOXRUHVFHLQSKRVSKRUDPLGLWHZKLFKPD\QRWEHUHSUHVHQWDWLYHRI+53&
PROHFXOHXVHGKHUHIRUWKHODEHOOLQJRIWKHPXWDWHGROLJRQXFOHRWLGH





)LJXUH   &RORXULPHWULF UHVSRQVH IURP PXWDWHG+53 DQG FRPSOHPHQWDU\+53 ZLWK LPPRELOLVHG
FDSWXUHSUREH6WDEOLVKPHQWRIEORFNLQJFRQGLWLRQVDQGFRQWUROV+\EULGLVDWLRQZDVFDUULHGRXWDW&
IRU  KRXUZLWK µJP/ RI ROLJRQXFOHRWLGH+53 &RORXULPHWULF GHWHFWLRQZDV SHUIRUPHG DIWHU 
PLQXWHVLQFXEDWLRQZLWKDWQPQ 






VKRZQ YHULI\ WKH VDPH ORZQRQVSHFLILFDGVRUSWLRQRI ODEHOOHGROLJRQXFOHRWLGH+53
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7KHVH UHVXOWVDOVR VKRZ WKHKLJK WKHUPRG\QDPLFVWDELOLW\RI WKHPXWDWHG+53GXSOH[




WKDW WKH ILUVW JRDO RI D VWURQJ GXSOH[ ZLWK WKH VXERSWLPXP VHTXHQFH RI WKH SUREH
GHVLJQKDVEHHQDFKLHYHGKRZHYHUWKHTXHVWLRQUHPDLQVLIWKHODEHOFRXOGEHGLVSODFHG
7KLVEHKDYLRXUFROGDOVRVXJJHVWWKDWK\EULGLVDWLRQRQVROLGVXSSRUWVLVPRUHFRPSOH[





)LJXUH   $EVRUEDQFH UHVXOWLQJ IURP WKH LQWHUDFWLRQ RI µJP/PXWDWHG+53 DQG µJP/
FRPSOHPHQWDU\+53 K\EULGLVDWLRQZLWK LPPRELOLVHG FDSWXUHSUREH IRUPLQXWHV DV D IXQFWLRQRI WKH
WHPSHUDWXUH RI LQFXEDWLRQ  &RORXULPHWULF GHWHFWLRQ ZDV SHUIRUPHG LQ DOO FDVHV DIWHU  PLQXWHV
LQFXEDWLRQZLWK70%DW URRP WHPSHUDWXUHDWQP+\EULGLVDWLRQEXIIHUDQGSURFHGXUHGHVFULEHG LQ
PDWHULDOVDQGPHWKRGVQ 

)LJXUH VKRZV WKH UHVSRQVHREWDLQHG IURPK\EULGLVDWLRQGHWHFWLRQRIPXWDWHG+53
DQGFRPSOHPHQWDU\+53ZLWKDQLPPRELOLVHGFDSWXUHSUREH,QERWKFDVHVLQFUHDVLQJ
VLJQDOZLWKLQFUHDVLQJWHPSHUDWXUHZDVREWDLQHG 6LPLODUUHVSRQVHZDVREWDLQHGIURP
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2U XVLQJ WKH UHODWLRQ RI WKH QHDUHVWQHLJKERXULQJ EDVHV %UHVODXU HW DO  )RU
DFKLYLQJHIILFLHQWK\EULGLVDWLRQZKLOHPDLQWDLQLQJWKHVWULQJHQF\UHTXLUHGIRU(/21$D
UXOHRIWKXPELQGLFDWHVWKDW&EHORZWKH7PVKRXOGEHXVHGLQ(/21$
7P REWDLQHG IRU FRPSOHPHQWDU\+53 VHTXHQFHZDV  &ZLWK WKH+RZOH\ HTXDWLRQ
DQG&ZLWKWKHQHLJKERXULQJEDVHVUHODWLRQ$UHGXFWLRQRI&LQWKH7PIRUHYHU\
  RI EDVHV SDLU PXWDWLRQV LQ GV'1$ 0DQLDWLV HW DO  LV GHVFULEHG
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RI VWDELOLW\ FKDQJH WKH7P YDOXHV IRU LPPRELOLVHG GXSOH[HV DQG WKH+RZOH\ HTXDWLRQ
FDQQRWEHDSSOLHGLQWKHVHFDVHV






.H DQG:DUWHOO  REVHUYHG D GLIIHUHQW UHODWLRQ EHWZHHQ WKHPXWDWLRQV DQG WKH
GHFUHDVH RI7PZLWK GXSOH[HV LPPRELOLVHG RQ VROLG SKDVH7P RI'1$ZLWK DGMDFHQW
PLVPDWFKHVVKRZHGDGHFUHVHRI&LQWKH7PIRUHYHU\PXWDWLRQVRIEDVHSDLUV
LQGRXEOHVWUDQGHG'1$+RZHYHUDVGLVFXVVHG3H\UHWHWDO$OODZLDQG6DQWD




WKH LPPRELOLVHGGXSOH[)LJXUHVXJJHVW WKDWDFULWLFDOSRLQW LVUHDFKHGEHWZHHQ







)LJXUH  VKRZV WKH UHVXOWV REWDLQHG IURP PXWDWHG+53 DQG FRPSOHPHQWDU\+53
K\EULGLVHGZLWKFDSWXUHSUREHDW&DVDIXQFWLRQRILQFXEDWLRQ,WFDQEHVHHQWKDWDW
VKRUW WLPHV KLJKHU VLJQDO LV REWDLQHGPXWDWHG+53 ZKLOH FRPSOHPHQWDU\+53 JDYH
KLJKHUVLJQDODWORQJLQFXEDWLRQWLPHV

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)LJXUH   $EVRUEDQFH UHVXOWLQJ IURP WKH LQWHUDFWLRQ RI µJP/PXWDWHG+53 DQG µJP/




)LJXUH   $EVRUEDQFH UHVXOWLQJ IURP WKH LQWHUDFWLRQ RI µJP/PXWDWHG+53 DQG µJP/




)LJXUH  LV D UHSHDWHG RI WKH H[SHULPHQWV GHVFULEHG LQ ILJXUH  EXW DW WKLV KLJKHU
WHPSHUDWXUH WKH VLJQDO GLIIHUHQFH EHWZHHQPXWDWHG+53 DQG DW VKRUW WLPHV LV VPDOOHU
DQG WKHFRPSOHPHQWDU\+53VLJQDOEHFRPHVKLJKHU DW VKRUWHU WLPHV  ,QDGGLWLRQ WKH
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GLIIHUHQFH RI WKH VLJQDO LV KLJKHU DW ORQJ WLPHV  ,W DSSHDUV WKHUHIRUH WKDW WKH
K\EULGLVDWLRQRIWKHFRPSOHPHQWDU\+53LVIDYRUHGDWKLJKHUWHPSHUDWXUHV
7KHVH UHVXOWV FRLQFLGH ZLWK WKH RQHV REWDLQHG E\ 'DL HW DO  7KH\ IRXQG WKDW
K\EULGLVDWLRQNLQHWLFVZDV VLJQLILFDQWO\GLIIHUHQW IRU VSHFLILF DQGQRQVSHFLILFELQGLQJ
RIODEHOOHG'1$WRVXUIDFHERXQGROLJRQXFOHRWLGHV7KH\VKRZHGWKDWVSHFLILFELQGLQJ
WDNHV ORQJHU WR UHDFK K\EULGLVDWLRQ HTXLOLEULXP WKDQ WKHPLVPDWFKHG ROLJRQXFOHRWLGH
,QFUHDVLQJ K\EULGLVDWLRQ WLPH JHQHUDOO\ LQFUHDVHG WKH VSHFLILFLW\ RI WKH K\EULGLVDWLRQ
0RUHRYHU6RURNLQHWDO DUULYHG WRDVLPLODUFRQFOXVLRQ 7KH\REVHUYHG WKDW
VLQFH PLVPDWFKHG GXSOH[HV K\EULGLVH IDVWHU WKDQ WKHLU SHUIHFW FRXQWHUSDUWV WKH
FRPSOHPHQWDU\VLJQDOZDVKLJKHUDWORQJLQFXEDWLRQWLPH
7KLV EHKDYLRXU FRXOG EH SDUWLDOO\ H[SODLQHG ZLWK WKH PRGHO RI ROLJRQXFOHRWLGH
K\EULGLVDWLRQ RQ VROLG VXSSRUW GRQH E\&KDQ HW DO   &DSWXUH RI WKH SHUIHFWO\
FRPSOHPHQWDU\ WDUJHW LV PRGHOOHG DV D FRPELQHG UHDFWLRQGLIIXVLRQ SURFHVV  ,Q WKLV
PRGHO WKHUH DUH WZR GLIIHUHQW PHFKDQLVPV E\ ZKLFK WDUJHWV FDQ K\EULGLVH ZLWK WKH
FRPSOHPHQWDU\ SUREHV GLUHFW K\EULGLVDWLRQ IURP WKH VROXWLRQ DQG K\EULGLVDWLRQ E\
PROHFXOHV WKDW DGVRUE QRQVSHFLILFDOO\ DQG WKHQ VXUIDFHGLIIXVH WR WKH SUREH  7KH
UHVXOWVLQGLFDWHWKDWQRQVSHFLILFDGVRUSWLRQRIVV'1$RQWKHVXUIDFHDQGVXEVHTXHQW
' GLIIXVLRQ FDQ VLJQLILFDQWO\ HQKDQFH WKH RYHUDOO UHDFWLRQ UDWH  +HWHURJHQHRXV
K\EULGLVDWLRQGHSHQGVVWURQJO\RQWKHUDWHFRQVWDQWRI'1$DGVRUSWLRQGHVRUSWLRQLQWKH
QRQSUREHFRYHUHG UHJLRQV RI WKH VXUIDFH $GDP DQG'HOEUXFN %ORRPILHOG HW
DO PHDVXUHGD UDWHFRQVWDQW IRUROLJRQXFOHRWLGHVDVVRFLDWLRQ LQVROXWLRQ WREH
DERXWWKUHHRUGHUVRIPDJQLWXGHVPDOOHUWKDQWKHGLIIXVLRQOLPLWHGUDWH7KHQLWFRXOGEH
SRVVLEOH WKDWPXWDWHG+53 GXH WR LWV ODFNRI FRPSOHPHQWDULW\ KDVPRUH WHQGHQF\ WR
WKH QRQVSHFLILF DGVRUSWLRQ RQ WKH VXUIDFH ZKLFK HQKDQFH WKHLU KLJKHU DQG IDVWHU
K\EULGLVDWLRQ ZLWK WKH LPPRELOLVHG FDSWXUH SUREH DW VKRUW WLPHV WKURXJK VXUIDFH
GLIIXVLRQ,WVKRXOGDOVREHUHPHPEHUHGWKDWPLVPDWFKHGVHTXHQFHVZLOOSUHGRPLQDWHDW
VKRUWHU WLPHV DQG ORZHU WHPSHUDWXUHV LW ³]LSSHULQJ´ LV WKH PRVW DFWLYDWHG SURFHVV
8QGHU WKLV OLJKW WKH UHVXOWV SUHVHQWHG VR IDU FRXOG EH H[SODLQHG DV IROORZV D 7KH
DSSDUHQW 7P LPPRELOLVHG FDSWXUH SUREH ZLWKPXWDWHG+53 DQG FRPSOHPHQWDU\+53
GXSOH[ LVKLJKHU WKDQWKHFDOFXODWHG LQVROXWLRQDQG LV LQERWKFDVHVKLJKHU WKDQ&
E,QERWKFDVHVK\EULGLVDWLRQLVDFRPSOH[SKHQRPHQRQWKDWLQYROYHVGLIIXVLRQWRWKH
VXUIDFHDGVRUSWLRQGHVRSUWLRQHTXLOLEULXPVXUIDFHGLIIXVLRQQXFOHDWLRQDQG]LSSHULQJ
7KHUPRG\QDPLFVSOD\VDQ LPSRUWDQW UROHRQ WKH VWDELOLW\RQ WKH]LSSHUHGGXSOH[RQO\
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DQG WKHUHIRUH WKH GLVSODFHPHQW FRXOG RFFXU RQO\ LI ERWK VXERSWLPXP DQG RSWLPXP
GXSOH[FRPSHWH IRU WKLV VWDWH  F  ,WDSSHDUV WKDW WKHPRVWDFWLYDWHGSURFHVV KLJKHVW
HQHUJ\ RI DFWLYDWLRQ LV WKH ]LSSHULQJ  =LSSHULQJ LV PRVW H[WHQVLYH IRU WKH
FRPSOHPHQWDU\+53FDSWXUHSUREHGXSOH[DQGIRUWKLVUHDVRQZKHQWKHWHPSHUDWXUHLV
UDLVHG HYHQ DW VKRUW WLPHV WKH FRPSOHPHQWDU\+53FDSWXUH SUREH SUHGRPLQDWHV
+RZHYHU LW DSSHDUV WKDW WKLV DGYDQWDJH LV JDLQHG RQO\ DW WHPSHUDWXUHV DERYH &








)RU WKLVUHDVRQV WKHH[SHULPHQWVGHVFULEHG LQ)LJXUHZHUHSHUIRUPHG )LJXUH
VKRZV WKH UHVXOWV REWDLQHG IURP WKH K\EULGLVDWLRQ RI GLIIHUHQW FRQFHQWUDWLRQ RI
FRPSOHPHQWDU\+53 DQG PXWDWHG+53 ZLWK FDSWXUHV SUREH LPPRELOLVHG RQ WKH
VXSSRUW  $W ORZHU FRQFHQWUDWLRQV RI WDUJHW ORZHU DGVRUEDQFH IRU WKHPXWDWHG+53
GXSOH[ZDVGHWHFWHGDOWKRXJKWKHUHDSSHDUVWREHDOLPLWDWµJP/ZKHUHSUREDEO\
VWDUWVOLPLWLQJERWKUHVSRQVHV$ERYHµJP/DVDWXUDWHGVLJQDOIRUERWKWDUJHWVZDV
REWDLQHG  $OWKRXJK WKH FRQFHQWUDWLRQ RI WKH WDUJHW FDQQRW EH FRQWUROOHG LQ D
GLVSODFHPHQWDVVD\LW LVSUHFLFHO\ZKDW WKHUHVSRQVH LVVXSSRVHG WRGHWHFWDVVXPLQJ
WKDWWKHHTXLOLEULXPLVIXOO\UHYHUVLEOHWKLVH[SHULPHQWVHWVWKHRSWLPXPFRQGLWLRQVIRU
WKH SUH K\EULGLVDWLRQ RI WKH VXERSWLPXP ODEHO  7KH RSWLPXP FRQGLWLRQV IRU SUH
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K\EULGLVDWLRQ ZHUH FKRVHQ  J P/ RIPXWDWHG+53 LQ  P0 7ULV+&O  P0
('7$[66&DQG['HQKDUGW¶VVROXWLRQDWS+IRUKRXUDW&VLQFHXQGHU
WKHVHFRQGLWLRQVWKHPD[LPXPGLIIHUHQFHFRXOGEHREWDLQHGIRUGLVSODFHPHQW
2QFH D VWDEOH SUHK\EULGLVDWLRQ RI PXWDWHG+53 ZDV REWDLQHG RSWLPLVDWLRQ RI
GLVSODFHPHQW ZLWK FRPSOHPHQWDU\ ROLJRQXFOHRWLGH ZDV FDUULHG RXW   7R GHWHFW
GLVSODFHPHQW WZR FRORXULPHWULF GHWHFWLRQV ZHUH SHUIRUPHG WKH ILUVW DIWHU SUH
K\EULGLVDWLRQ RI PXWDWHG+53 WR VWDEOLVK WKH EDVHOLQHV DQG WKH VHFRQG DIWHU
GLVSODFHPHQWZLWKFRPSOHPHQWDU\ROLJRQXFOHRWLGH%RWKFRORXULPHWULFGHWHFWLRQVZHUH
FDUULHGRXWLQWKHVDPHPDQQHUPLQXWHVLQFXEDWLRQZLWK70%GHWHFWLRQDWQP
%DFNJURXQG GLVSODFHPHQW FRXOG RFFXU ZLWK EXIIHU GXH WR GLVSODFHPHQW RI WKH
HTXLOLEULXP  )RU WKLV UHDVRQ IRU HYHU\ PHDVXUHPHQW WKH ³]HUR FRQFHQWUDWLRQ´
GLVSODFHPHQWZDVVWDEOLVKHGE\LQFXEDWLQJXQGHUWKHVDPHFRQGLWLRQVLQWKHDEVHQFHRI
WDUJHW
7KH WLPH RI GLVSODFHPHQW LQFXEDWLRQZDV WKH ILUVW YDULDEOH WR RSWLPLVH  )LJXUH  
VKRZV WKH SHUFHQWDJH RI GLVSODFHPHQW REWDLQHG ZLWK WKH WDUJHW FRPSOHPHQWDU\
ROLJRQXFOHRWLGHDQGZLWKWKHEXIIHUDVFRQWURO7KHVLJQDOREWDLQHGDIWHUGLVSODFHPHQW
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)LJXUH    $EVRUEDQFH UHVXOWLQJ IURP WKH GLVSODFHPHQW RI SUHK\EULGLVHG PXWDWHG+53 ZLWK
FRPSOHPHQWDU\RUEXIIHU FRQWURO &RQGLWLRQVRISUHK\EULGLVDWLRQ JP/RIPXWDWHG+53 IRU
KRXUDW& &RQGLWLRQVRIGLVSODFHPHQW JP/RIFRPSOHPHQWDU\DW&IRUYDULRXV WLPHRI




WKH SUHK\EULGLVHG VXERSWLPXP PXWDWHG+53 ROLJRQXFOHRWLGH  ,QFUHDVHV WKH
SHUFHQWDJH RI GLVSODFHPHQW LV HQKDQFHG   DIWHU  PLQXWHV KRZHYHU WKH QRQ
VSHFLILF GLVSODFHPHQW ZLWK EXIIHU LQFUHDVHV LQ WKH VDPH PDQQHU   DIWHU 
PLQXWHV  ,Q FRQWUDVW DW VKRUWHU WLPH RI GLVSODFHPHQW LQFXEDWLRQ JUHDWHU GLIIHUHQFH
EHWZHHQ WKHQRQVSHFLILFDQGVSHFLILFGLVSODFHPHQWZDVGHWHFWHG $WPLQXWHVZKLOH
WKH FRPSOHPHQWDU\ ROLJRQXFOHRWLGH GLVSODFHV   RI WKH VLJQDO IURP WKH SUH
K\EULGLVHGPXWDWHG+53RQO\RIVLJQDOZDVGLVSODFHGE\WKHEXIIHUVRD
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)LJXUH    $EVRUEDQFH UHVXOWLQJ IURP WKH  GLVSODFHPHQW RI SUHK\EULGLVHG PXWDWHG+53 ZLWK
FRPSOHPHQWDU\RUEXIIHU FRQWURO &RQGLWLRQVRISUHK\EULGLVDWLRQ JP/RIPXWDWHG+53 IRU
KRXU DW  &  &RQGLWLRQV RI GLVSODFHPHQW  J P/ RI FRPSOHPHQWDU\ IRU  PLQXWHV DW YDULRXV
WHPSHUDWXUHV RI LQFXEDWLRQ  &RORXULPHWULF GHWHFWLRQ ZDV SHUIRUPHG DIWHU  PLQXWHV LQFXEDWLRQ ZLWK
70%DWURRPWHPSHUDWXUHDQGQPQ 

)LJXUH  VKRZV WKH UHVXOWV REWDLQHG IRU PXWDWHG+53 GLVSODFHPHQW E\
FRPSOHPHQWDU\ ROLJRQXFOHRWLGH DW GLIIHUHQW WHPSHUDWXUHV RI LQFXEDWLRQ $V H[SHFWHG
LQFUHDVLQJWKHLQFXEDWLRQWHPSHUDWXUHKLJKHUGHVWDELOLVDWLRQRISUHK\EULGLVHGPXWDWHG
+53ZDVSURGXFHGKRZHYHUQRQVSHFLILFGLVSODFHPHQWE\ WKHEXIIHUDOVRSURILW IURP
WKLV GHVWDELOLVDWLRQ  6XEWUDFWLQJ WKH YDOXH RI WKLV ³]HUR´ GLVSODFHPHQW WKH KLJKHVW
VSHFLILFGLVSODFHPHQWZDVDFKLHYHGDW&
7KH SURSRUWLRQDOLW\ RI WKH VLJQDO GLVSODFHG ZLWK WKH FRQFHQWUDWLRQ RI WKH WDUJHW
FRPSOHPHQWDU\ROLJRQXFOHRWLGHZDVYHULILHGZLWKWKHH[SHULPHQWVGHVFULEHGLQ)LJXUH

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)LJXUH    $EVRUEDQFH UHVXOWLQJ IURP WKH GLVSODFHPHQW RI SUHK\EULGLVHG PXWDWHG+53 ZLWK






ZKLFK GHPRQVWUDWHV WKDW WKLV GLVSODFHPHQW FRQILJXUDWLRQ LV DSSURSLDWH WR GHWHFW ODEHO




RI GHFUHDVLQJ WKH WLPH RI GHWHFWLRQ IURP  KRXU LQ GLUHFW K\EULGLVDWLRQ RI PHU
ROLJRQXFOHRWLGHV WR  PLQXWHV LQ WKH FDVH RI GLVSODFHPHQW GHWHFWLRQ DW OHDVW LQ DQ
(/21$ V\VWHP  $GGLWLRQDOO\ WKLV V\VWHP FDQ EH XVHG WR GHWHFW ODEHOIUHH
ROLJRQXFOHRWLGH WDUJHWV LQ WKH UDQJH RI µ0  $OWKRXJK WKLV SDUW ZDV GHYHORSHG WR
GHWHUPLQHWKHFRQGLWLRQVWKDWFRXOGEHXVHGIRUHOHFWURFKHPLFDOGHWHFWLRQDQGGHVFULEHV
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GHWHFWHG HOHFWURFKHPLFDOO\  )RU WKLV SXUSRVH WKH GLIIXVLRQDO PHGLDWRU GHWHFWLRQ
GHVFULEHGLQWKHH[SHULPHQWDOVHFWLRQZDVXVHG$VVKRZQLQ)LJXUHRIWKH
VLJQDO ZDV GLVSODFHG E\ WKH FRPSOHPHQWDU\ ROLJRQXFOHRWLGH  (VVHQWLDOO\ QR
GLVSODFHPHQW ZDV REVHUYHG E\ WKH EXIIHU  +RZHYHU LW KDV WR EH QRWHG WKDW ZLWK





µg mL-1 RIFRPSOHPHQWDU\+53 7KHFRQGLWLRQVRIWKHH[SHULPHQWDUHGHVFULEHGLQWKHH[SHULPHQWDO
VHFWLRQQ 





WKH RSWLPDO FRQGLWLRQV RU FKDQJLQJ WKH VXERSWLPXP ROLJRQXFOHRWLGH VHTXHQFH WR
DFKLHYHLPSURYHGGLVSODFHPHQWDWURRPWHPSHUDWXUH

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7KHH[SHULHQFHZLWK WKH+53PRGLILHG VXERSWLPXPSUREH OHG WR WKHFRQFHSWLRQRI D
VLPSOHUGHWHFWLRQVFKHPHEDVHGRQGLVSODFHPHQWIRUWKHGHWHFWLRQRIWKHF\VWLFILEURVLV
JHQH  ,Q WKLV FRQILJXUDWLRQ D IHUURFHQH ODEHOZDVXVHG WKDW FRXOGKRSHIXOO\ OHDG WR D
UHDJHQWOHVVDQGODEHOHVVGHWHFWLRQVHHVFKHPH
)RU WKLV SXUSRVH WKH VHTXHQFH RI WKH ROLJRQXFOHRWLGHV KDG WR EH FKDQJHG $ FDSWXUH
SUREH WR UHFRJQLVH VSHFLILFDOO\ WKH F\VWLF ILEURVLV &) JHQH UHJLRQ LQGLFDWLYH RI WKLV
GLVHDVH ZDV XVHG  7KH VXERSWLPXP VHTXHQFH XVHG IRU GLVSODFHPHQW GHWHFWLRQ KDG
WKUHH PXWDWLRQV $$ DQG *7 WRJHWKHU DQG $$ 6FKHPH   $OWKRXJK WKLV VXE
RSWLPXPVHTXHQFHKDGRQHPXWDWLRQOHVVWKDQWKHSUHYLRXVVHTXHQFHLWVKRXOGUHVXOWLQ
ORZHUVWDELOLW\RIWKHVXERSWLPXPGXSOH[EHFDXVHWKHUHDUHPDWFKHVDVFRPSDUHGWR
WKH  PDWFKHV RI WKH SUHYLRXV VHTXHQFH WZR RI WKHVH WKUHH PXWDWLRQV EHLQJ $$
PLVPDWFKHV WKDW DUH FRQVLGHUHG E\ 3H\UHW HW DO  $OODZL DQG 6DQWD /XFLD
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7KH ODEHO RI WKH PXWDWHG ROLJRQXFOHRWLGH ZDV DOVR FKDQJHG  $ UHGR[ PROHFXOH
IHUURFHQHZDVDWWDFKHGWRWKH¶HQGRIPXWDWHGROLJRQXFOHRWLGH)HUURFHQHLVDVPDOOHU
PROHFXOHFRPSDUHG WR+53ZKLFKVKRXOGQRWDIIHFWVRPXFK WKHK\EULGLVDWLRQRI WKH
GXSOH[ DQG DOORZV WKH ODEHO WR EH FORVH WR WKH HOHFWURGH VXUIDFH LQFUHDVLQJ WKH










PROHFXOH  $ ¶ KH[DPHWK\OHQH DPLQH ROLJRQXFOHRWLGH ZDV FRQMXJDWHG ZLWK D
IHUURFHQDFHWLFDFLGDVZDVH[SODLQHGLQVHFWLRQ
$IWHU WKH FRQMXJDWLRQ RI DPLQHROLJRQXFOHRWLGH 0:  J PRO ZLWK ('&
0:  J PRO 1+6 0:  J PRO '77 0:  J PRO DQG




ZLWKD*6HSKDGH[FROXPQ 7KHFRPSRQHQWVZHUHVHSDUDWHG LQ WZRPDMRUJURXSV
DFFRUGLQJWRWKHLUVL]HIHUURFHQHODEHOOHGROLJRQXFOHRWLGHHOXWLQJILUVWDQGQH[WWKHORZ
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PROHFXODUZHLJKWPROHFXOHV ('&1+6'7789 6SHFWURSKRWRPHWU\ZDV XVHG WR
FROOHFWWKHDSSURSULDWHIUDFWLRQVIURPWKHFROXPQ7KHIUDFWLRQVFROOHFWHGFRPELQHGWKH
IHUURFHQHDFHWLFDFLGPRLHW\DEVRUEDQFHDVDEURDGSHDNDWQPDQGWKHQPSHDN
RI WKH ROLJRQXFOHRWLGH EDVHV 7KH WZR SHDNV RYHUODS WKHUHIRUH LWZDV QRW SRVVLEOH WR
PDNH D TXDQWLWDWLYH GHWHUPLQDWLRQ RI IHUURFHQHROLJRQXFOHRWLGH PROHFXOH E\
VSHFWURSKRWRPHWU\)RUWKLVUHDVRQ0$/',72)VSHFWUDRIWKHSURGXFWZHUHREWDLQHG




(OHFWURFKHPLFDO GLVSODFHPHQW GHWHFWLRQ RI IHUURFHQH
ODEHOOHGROLJRQXFOHRWLGH

,Q RUGHU WR GHYHORS WKH UHDJHQWOHVV DQG ODEHOOHVV GHWHFWLRQ RI WKH F\VWLF ILEURVLV &)
JHQH VHULHV RI TXHVWLRQV QHHG WR EH DQVZHUHG  IURP WKH YDULRXV HOHFWURFKHPLFDO
WHFKQLTXHV DYDLODEOH RQH KDV WR EH FKRVHQ WKDW SURYLGHV WKHPD[LPXP DGYDQWDJH IRU




GHWHFWLRQ EXW DW WKH VDPH WLPH ZHUH XVHG WR RSWLPLVH WKH PROHFXODU DUFKLWHFWXUH
FRQVWUXFWHGRQWKHHOHFWURGHVXUIDFH,QWKLVVHQVHWKHIROORZLQJSDUDPHWHUVWKDWDIIHFW
ERWKGHWHFWLRQVDQGVXUIDFHDUFKLWHFWXUHZHUHH[DPLQHG
 7KH FRQFHQWUDWLRQ RI WKH FDSWXUH SUREH LQ VROXWLRQ GXULQJ HOHFWURGH PRGLILFDWLRQ
ZKLFKZLOOGHFLGHWKHVXUIDFHFRYHUDJH
 7KHFRQFHQWUDWLRQRI IHUURFHQH&)PXWDWHGZKLFKZLOOGHWHUPLQH WKH]HURFXUUHQW
DQGWKHHIILFLHQF\RIGLVSODFHPHQW
 7KH 1D&O FRQFHQWUDWLRQ LQ WKH K\EULGLVDWLRQ EXIIHU ERWK ZLWK WKH IHUURFHQH&)
PXWDWHGSUHK\EULGLVDWLRQDQGGXULQJGLVSODFHPHQW
7KH FULWHULD WKDW ZDV XVHG IRU RSWLPLVDWLRQ ZDV WKH HIILFLHQF\ RI GLVSODFHPHQW DV
SHUFHQWDJHRIWKHLQLWLDOVLJQDODIWHUPLQXWHVRIGLVSODFHPHQWLQFXEDWLRQDWµJP/
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 FRQFHQWUDWLRQ RI&)FRPSOHPHQWDU\  $W D VHFRQG OHYHO WKH LQIHUUHG DV H[SODLQHG
EHORZ QRQVSHFLILF RU ³]HUR´ GLVSODFHPHQW E\ EXIIHU ZDV XVHG DV D FULWHULRQ VXFK
³]HUR´GLVSODFHPHQWZDVPLQLPLVHG
6XUIDFHSODVPRQUHVRQDQFH635ZDVXVHGWRPRQLWRULQUHDOWLPHWKHLPPRELOLVDWLRQ
RI WKH WKLRO&) FDSWXUH SUREH RQ JROG FKLSV WKH SUHK\EULGLVDWLRQ RI IHUURFHQH&)
PXWDWHGROLJRQXFOHRWLGHDQGGLVSODFHPHQWRIWKLVSUHK\EULGLVHGE\&)FRPSOHPHQWDU\




WKHFDOFXODWLRQRI VXUIDFHFRYHUDJH PRI FKDQJHFRUUHVSRQGV WRQJPP WKH
FRYHUDJHRIDPRQROD\HURIROLJRQXFOHRWLGH\LHOGVDERXWPRIUHVSRQVH:KHQWKH
IHUURFHQH&)PXWDWHGROLJRQXFOHRWLGHLVGLVSODFHGDYHU\VPDOOGLIIHUHQFHLQPROHFXODU
ZHLJKW DQG SUREDEO\ DOVR LQ UHIUDFWLYH LQGH[ UHVXOWV  &RQVLGHULQJ WKDW WKH W\SLFDO
UHVSRQVHIRUWKHK\EULGLVDWLRQRIWKHVXERSWLPXPLVLQWKHUDQJHRIPDQGRQO\D
PIRUDPRQROD\HUWKDWGRHVQRWFRQWDLQIHUURFHQHUHVXOWVQRWVKRZQ ,WDSSHDUV
ORJLFDO WRFRQVLGHU WKDWDQ\635UHVXOWV WKDWVKRZDIWHUGLVSODFHPHQWDQDQJOHFKDQJH




)LUVWRIDOO WKHSRVLWLRQRI WKHODEHOZDVGHFLGHG )HUURFHQHODEHO LQWKH¶HQGRI WKH
PXWDWHGROLJRQXFOHRWLGHFORVHWRWKHVXUIDFHRIIHUVKLJKHUHOHFWURFKHPLFDOVLJQDOGXH
WR LWV SUR[LPLW\ WR WKH HOHFWURGH VXUIDFH KRZHYHU EHFDXVH RI VWHULF LPSHGLPHQWV
IHUURFHQH WKH ODEHO PLJKW FDXVH SUREOHPV LQ WKH K\EULGLVDWLRQ HYHQW  6R WKH SUH
K\EULGLVDWLRQRIWKHIHUURFHQH&)PXWDWHGZLWKWKHLPPRELOLVHGFDSWXUHSUREHDQGWKH
VLJQDOSURGXFHGE\WKHIHUURFHQHLQWKLVSUHK\EULGLVDWLRQZHUHWHVWHGZLWKWZRGLIIHUHQW
IHUURFHQH&)PXWDWHG ROLJRQXFOHRWLGHV RQH ODEHOOHG LQ WKH¶ DQGDQRWKHU ODEHOOHG LQ
WKH¶HQG

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DQG LQ ¶ LQ JUHHQ   µJP/)HUURFHQH&)PXWDWHG ROLJRQXFOHRWLGH LQ K\EULGLVDWLRQ EXIIHU ZDV
LQFXEDWHG IRU  K DW URRP WHPSHUDWXUH RQ D FKLSPRGLILHGZLWK FDSWXUH SUREH $W DUURZ  DQG  WKH
IHUURFHQH&)PXWDWHGZDVLQMHFWHGIROORZHGE\EXIIHULQMHFWLRQDWDUURZDQG

$V VKRZQ LQ )LJXUH  WKH VXUIDFH SODVPRQ DQJOH FKDQJH FRUUHVSRQGLQJ WR WKH
IHUURFHQH&)PXWDWHGK\EULVDWLRQZLWKWKHFDSWXUHSUREHLVDOPRVWWKHVDPHUHJDUGOHVV







,QFRQWLQXDWLRQ WKH W\SLFDO UHVXOWVREVHUYHGZLWK WKH WKUHHHOHFWURFKHPLFDO WHFKQLTXHV
IRUGHWHFWLRQRIGLVSODFHPHQWHYHQWDUHGHVFULEHG)LUVW&\FOLFYROWDPSHURPHWU\&9
LQ EXIIHU ZDV XVHG  $IWHU SUHK\EULGLVDWLRQ RI IHUURFHQH&) PXWDWHG WKLV WHFKQLTXH
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XVHG DV DQ DOWHUQDWLYH $V LQ&9 WKH KHLJKW RI WKH SHDN LV GLUHFWO\ UHODWHGZLWK WKH
DPRXQWRIIHUURFHQHPROHFXOHVLPPRELOLVHGVRDIWHUGLVSODFHPHQWWKHSHDNGHFUHDVHVLQ
FRPSDULWLRQWRWKHSHDNEHIRUHGLVSODFHPHQW&XUUHQW'39DOORZVIRUDYHU\HIIHFWLYH
FRUUHFWLRQ RI WKH FKDUJLQJ EDFNJURXQG FXUUHQW ZKLFK VKRXOG DOORZ EHWWHU VHQVLWLYLW\
)LJXUHVKRZVDW\SLFDO'39
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WKH VSHFWUXP EHIRUH DQG DIWHU GLVSODFHPHQW 7KH FKDQJH RI IHUURFHQH FRQFHQWUDWLRQ
FORVHWRWKHHOHFWURGHVXUIDFHDIIHFWVWKHHOHFWURQWUDQVIHUUHVLVWDQFH5HWYDOXH:KHQ
WKHDPRXQWRIIHUURFHQHPROHFXOHLQFUHDVHVHQKDQFHPHQWRIHOHFWURQWUDQVIHUEHWZHHQ
WKH ODEHO DQG WKH HOHFWURGH LV REVHUYHG DQG GHFUHDVH RQ WKH 5HW LV REWDLQHG  $IWHU
GLVSODFHPHQWWKHDPRXQWRIIHUURFHQHPROHFXOHVGHFUHDVHVZLWKWKHVXEVHTXHQWLQFUHDVH
RI5HW)LJXUH
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)LJXUH    W\SLFDO 1\TXLVW SORW RI IHUURFHQH&) PXWDWHG GLVSODFHPHQW E\ FRPSOHPHQWDU\
ROLJRQXFOHRWLGH  ,PSHGDQFHPHDVXUHPHQWVZHUH SHUIRUPHG LQ WKH SUHFHQVH RI P03%6 P0
1D&OS+$Q$&YROWDJHRI9LQDPSOLWXGHDQG9LQSRWHQWLDOZLWKLQWKHIUHTXHQF\UDQJH






    NI 5HW&DGV(TXDWLRQ

,Q WKLV FDVH DQ LQFUHDVH RI GLVSODFHPHQW WKDW SURGXFHV D GHFUHDVH RI IHUURFHQH
PROHFXOHV LPPRELOLVHG DQG WKHUHIRUH D GHFUHDVH RI HOHFWURQ WUDQVIHU SURGXFHV D
GHFUHDVHRINI
7KHFRPPRQJUDSKV WR UHSUHVHQW WKHGDWD LQ LPSHGDQFHVSHFWURVFRS\DUH1\TXLVWDQG
%RGH SORWV  1\TXLVW SORW FRQVLVWV LQ D UHDO DQG DQ LPDJLQDU\ SDUW 8VXDOO\ WKH
LPSHGDQFHUHDOSDUWLVSORWWHGRQWKH;D[LVDQGWKHLPDJLQDU\SDUWRQWKH<D[LVRID
FKDUW DQG%RGHSORWV UHSUHVHQW WKH ORJ IUHTXHQF\RQ WKH;D[LVDQGERWK WKHDEVROXWH
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YDOXH RI WKH LPSHGDQFH DQG SKDVHVKLIW RQ WKH < D[LV  +RZHYHU LPSHGDQFH GDWD LV
FRPPRQO\ DQDO\VHG E\ ILWWLQJ LW WR DQ HTXLYDOHQW HOHFWULFDO FLUFXLW PRGHO ZKLFK LV
UHTXLUHG WR REWDLQ WKH YDOXHV RI 5HW DQG &DGV WKDW DUH WKH HOHPHQWV RI WKH FLUFXLW








HOHFWURQ WUDQVIHU UHVLVWDQFH DQG &3(DGV LV D FRQVWDQW SKDVH HOHPHQW &3( RI
LPPRELOLVHGPROHFXOHV &3(LVFDSDFLWRU WKDWGRHVQRWEHKDYHLGHDOO\GXHWRVXUIDFH
URXJKQHVVDQGRUGLIIHUHQWLRQDGVRUSWLRQGHVRUSWLRQNLQHWLFV
,QLWLDOREVHUYDWLRQV LQGLFDWH WKDW WKHVH WKUHH WHFKQLTXHVZHUHQRWYHU\VHQVLWLYHDQGRU
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,Q WKH SUHVHQFH RI IHUURF\DQLGHIHUULF\DQLGH LQ VROXWLRQ WKH &9PHWU\ VKRZHG DQ
HQKDQFHPHQW LQ VLJQDODVREVHUYHG LQ)LJXUH 3UHK\EULGLVDWLRQRI IHUURFHQH&)
PXWDWHG ROLJRQXFOHRWLGH UHVXOWHG WR D KLJKHU UHGXFWLRQ FXUUHQW FRPSDULQJZLWK WR WKH
VLJQDODIWHUGLVSODFHPHQWRUZLWKWKHEDUHJROGHOHFWURGH,WLVEHOLYHGWKDWWKHIHUURFHQH
HOHFWURQH WUDQVIHU LV FDWDO\VHG E\ IHUURF\DQLGHIHUULF\DQLGH LQFUHDVLQJ WKH FXUUHQW DQG
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)LJXUH   7\SLFDO  '39 EHIRUH DQG DIWHU GLVSODFHPHQW RI IHUURFHQH&)PXWDWHG ROLJRQXFOHRWLGH
'39ZDVSHUIRUPHGEHWZHHQDQG9ZLWKDQLQFUHPHQWRISRWHQWLDORI9DQDPSOLWXGHRI





WR WKHK\EULGLVDWLRQ HYHQW UHYHDOV DQ LQFUHDVH LQ WKH HOHFWURQWUDQVIHU UHVLVWDQFH DW WKH
HOHFWURGH VXUIDFH XSRQ WKH FRQVWUXFWLRQ RI WKH GRXEOHVWUDQGHG DVVHPEO\ 7KLV LV
DWWULEXWHGWRWKHHOHFWURVWDWLFUHSXOVLRQRIIHUURF\DQLGHXSRQIRUPDWLRQRIWKHQHJDWLYHO\
FKDUJHG GRXEOHVWUDQGHG VXSHUVWUXFWXUH 3DWROVN\ HW DO  3DUN HW DO 
+RZHYHULQWKLVFDVHWKHIHUURFHQHPROHFXOHLPPRELOLVHGRQWKHVXUIDFHKDVWREHWDNH





UHSXOVLRQ SURGXFHG E\ WKH GRXEOH VWUDQGHG'1$ WR WKH )H &1  )H &1 LRQV
LQFUHDVHG WKH HOHFWURQ WUDQVIHU UHVLVWDQFH YDOXH )LJXUH   ,Q WKLV )LJXUH WKH
GLDPHWHURIWKHVHPLFLUFOHVLQHDFKFDVHDUHSURSRUWLRQDOWR5HW
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)LJXUH   7\SLFDO 1\TXLVW SORW RI IHUURFHQH&) PXWDWHG GLVSODFHPHQW E\ FRPSOHPHQWDU\
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WR WKDW LW VKRXOG UHSUHVHQW DQ RSWLPDO GLVWDQFH EHWZHHQ VWUDQGV WR DOORZ IRU KLJK
K\EULGLVDWLRQHIILFLHQFLHVEXWDW WKHVDPH WLPHKLJKDPRXQWRIFDSWXUHSUREHV IRU WKH
KLJKHVW SRVVLEOH K\EULGLVDWLRQ VLJQDOV 0D[LPXP K\EULGLVDWLRQ VLJQDO DQG PD[LPXP
K\EULGLVDWLRQHIILFLHQF\ LVQRWQHFHVVDULO\REWDLQHGDW WKH VDPHSUREHGHQVLW\ )L[HHW
DO7KHUHDVRQLVWKDW'1$SUREHVWKDWDUHWRRFORVHO\SDFNHGFDQQRWSDUWLFLSDWH








$V VKRZQ LQ ILJXUH  WKH LQFUHDVH RI FDSWXUH SUREH FRQFHQWUDWLRQ LQ VROXWLRQ
SUHVXPDEO\ LQFUHDVHV WKH DPRXQW RI LPPRELOLVHG SUREH RQ WKH VXUIDFH SURGXFLQJ D




KLJK QRVSHFLILF RU ³]HUR´ GLVSODFHPHQWZDV DOVR REVHUYHG  )ROORZLQJ WKLV UHDVRQ LW
DSSHDUVWKDWµJP/RIFDSWXUHSUREHLVWKHEHVWFRQFHQWUDWLRQ
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7HFKQLTXH ,PPRELOLVDWLRQ   
$IWHUSUHK\EULGIFPXWDWHG  [ 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$IWHUSUHK\EULG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&1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)H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 $IWHUGLVSODFHPHQW   

7KH UHVXOWV REWDLQHG E\ &9 LQ EXIIHU VKRZHG DQ LQFUHDVH RI SHDN KHLJKW DW KLJKHU
FRQFHQWUDWLRQVRI FDSWXUH SUREHZKLFKZDV DOVR FRUURERUDWHGZLWK635 UHVXOWV  ,W LV
DVVXPHG WKDW WKLV LQFUHDVH FRUUHVSRQGV WR KLJKHU DPRXQW RI IHUURFHQH&) PXWDWHG
K\EULGLVHG  $IWHU GLVSODFHPHQW RI IHUURFHQH&)PXWDWHG E\ WKH WDUJHW D GHFUHDVH RI
SHDN KHLJKW ZDV REWDLQHG ZKLFK GHPRQVWUDWH WKH IXQFWLRQDOO\ RI WKH V\VWHP  %HVW
VLJQDO GLVSODFHPHQWZDV REWDLQHGZLWK µJP/RI FDSWXUH SUREH  6LPLODU UHVXOWV
ZHUHREWDLQHGZLWK'39LQEXIIHU
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&9 DQG'39 LQ WKH SUHVHQFH RI IHUURF\DQLGHIHUULF\DQLGH VKRZHG LQ JHQHUDO DOVR DQ
LQFUHDVHRIVLJQDOZLWKDQ LQFUHDVHRIFDSWXUHSUREHFRQFHQWUDWLRQ +RZHYHUQRZWKH
7KHEHVWGLVSODFHPHQWHIIHFWZDVVHHQDWµJP/RIFDSWXUHSUREH





LQWR DFFRXQW WKH SRVVLEOH QRQVSHFLILF DGVRUSWLRQ GHWHFWHG E\ 635  µJ P/ RI
FDSWXUHSUREHZDVFKRVHQDVRSWLPXPFRQFHQWUDWLRQWRHQKDQFHVSHFLILFGLVSODFHPHQW
7KH QH[W YDULDEOH RSWLPLVHG ZDV WKH FRQFHQWUDWLRQ RI IHUURFHQH&) PXWDWHG
ROLJRQXFOHRWLGHWKDWZDVXVHGIRUSUHK\EULGLVDWLRQZLWKWKHFDSWXUHSUREH$QLQFUHDVH




DQG WKH VXEVHTXHQW GLVSODFHPHQW ZLWK FRPSOHPHQWDU\ ROLJRQXFOHRWLGH DW GLIIHUHQW FRQFHQWUDWLRQV RI
IHUURFHQH&)PXWDWHGµJP/LQK\EULGLVDWLRQEXIIHUµJP/RIFDSWXUHSUREHDQG
µJP/RI&)FRPSOHPHQWDU\ZDVXVHGLQWKHVHH[SHULPHQWV
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$JDLQ DOWKRXJK D FRQFHQWUDWLRQRI µJP/ VKRZV D KLJKHU K\EULGLVDWLRQ VLJQDO D
KLJKHUQRQVSHFLILFGLVSODFHPHQWZDVREVHUYHG WKHUHIRUHµJP/RI IHUURFHQH&)
PXWDWHGZDVFKRVHQDVWKHRSWLPXPFRQFHQWUDWLRQE\WKLVWHFKQLTXH
2SWLPLVDWLRQ RI IHUURFHQH&) PXWDWHG FRQFHQWUDWLRQ ZDV DWWHPSWHG E\ PHDQV RI
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WKLV FDVH DOVR DQ LQFUHDVH RI FRQFHQWUDWLRQ RI IHUURFHQH&) PXWDWHG ROLJRQXFOHRWLGH
VKRZHG DQ LQFUHDVH RI HOHFWURFKHPLFDO VLJQDO DQG D GHFUHDVH RI VLJQDO DIWHU
GLVSODFHPHQW
&9DQG'39LQEXIIHURUIHUURF\DQLGHIHUULF\DQLGHVKRZHGDQLQFUHDVHRISHDNKHLJKW
DW KLJKHU FRQFHQWUDWLRQV RI IHUURFHQH&) PXWDWHG GXH WR WKH KLJKHU DPRXQW RI
IHUURFHQH LPPRELOLVHGRQ WKHVXUIDFH)RU WKHVDPHUHDVRQDQ LQFUHDVHRI.I UHVSRQVH
ZDV REWDLQHG E\ LPSHGDQFH LQ EXIIHU ZKHQ WKH IHUURFHQH&) PXWDWHG FRQFHQWUDWLRQ
LQFUHDVHGDQGDGHFUHDVHDIWHUGLVSODFHPHQW 7KHRSWLPXPFRQFHQWUDWLRQIRUDOO WKHVH




7KH ODVW YDULDEOH WR EH RSWLPLVHG ZDV WKH FRQFHQWUDWLRQ RI VRGLXP FKORULGH LQ WKH




)LJXUH    5HVXOWV REWDLQHG E\ 635 IURP WKH SUHK\EULGLVDWLRQ RI IHUURFHQH&) PXWDWHG
ROLJRQXFOHRWLGH DQG WKH VXEVHTXHQW GLVSODFHPHQW ZLWK FRPSOHPHQWDU\&) ROLJRQXFOHRWLGH DW GLIIHUHQW
FRQFHQWUDWLRQVRI1D&O0LQK\EULGLVDWLRQEXIIHUGXULQJWKHSUHK\EULGLVDWLRQRI IHUURFHQH&)
PXWDWHG ROLJRQXFOHRWLGH  (OHFWURGHV PRGLILHG ZLWK  µJ P/ RI FDSWXUH SUREH DQG  µJ P/ RI
IHUURFHQH&)PXWDWHG
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)LJXUH  VKRZV D KLJK HQKDQFHPHQW RI K\EULGLVDWLRQ RI IHUURFHQH)& PXWDWHG
ROLJRQXFOHRWLGHZLWKWKHFDSWXUHSUREHZKHQWKHFRQFHQWUDWLRQRI1D&OLQK\EULGLVDWLRQ
EXIIHU LQFUHDVHG 6R LWVHHPVFRUUHFW WKHK\SRWKHVLV WKDWKLJKHUFRQFHQWUDWLRQVRIVDOW
GXULQJ K\EULGLVDWLRQ VWDELOLVH WKH GXSOH[ KRZHYHU DW WKH VDPH WLPH LW DSSHDUV WKDW
H[WUHPHQRQVSHFLILFGLVSODFHPHQWDOVRLVHQKDQFHGE\LW
)RU WKLV UHDVRQ  0 RI 1D&O LQ SUHK\EULGLVDWLRQ DQG GLVSODFHPHQW ZDV FKRVHQ DV
RSWLPXP
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UHDVRQV IRU WKLV EHKDYLRXU PLJKW EH WKH IRUPDWLRQ RI FKORULGH ILOP RQ WKH HOHFWURGH
VXUIDFHGXHWRWKHKLJKFRQFHQWUDWLRQRI1D&OGXULQJWKHSUHK\EULGLVDWLRQLQFXEDWLRQ
ZKLFKPLJKWDIIHFWHOHFWURQWUDQVIHU
+RZHYHU &9 DQG '39 LQ IHUURF\DQLGHIHUULF\DQLGH VKRZ WKH VDPH WUHQG DV 635
SUREDEO\ EHFDXVH PL[WXUH RI IHUURF\DQLGHIHUULF\DQLGH FRPSHWHG ZLWK WKH PHWDO
FKORULGH LQ WKH VXUIDFH FRPSHQVDWLQJ WKH HIIHFW WKDW WKLV ILOP SURGXFHG LQ WKH
HOHFWURFKHPLFDOO\DFWLYHVXUIDFHDUHD
,W LV DOVR VLJQLILFDQW WKH ORZ YDOXHV RI 5HW ZHUH REWDLQHG LQ LPSHGDQFH ZLWK
IHUURF\DQLGHIHUULF\DQLGH LQ VROXWLRQ FRPSDUHG WR SUHYLRXV RSWLPLVDWLRQV  $W KLJKHU
FRQFHQWUDWLRQV RI1D&O KLJK FRQFHQWUDWLRQV RI LRQVZHUH IUHH LQ WKH VROXWLRQ VR WKH
LQFUHDVHLQWKHFRQFHQWUDWLRQRIHOHFWURO\WHHQKDQFHVWKHHOHFWURQWUDQVIHUGHFUHDVLQJWKH
HOHFWURQWUDQVIHUUHVLVWDQFH
&RPSDULQJ HOHFWURFKHPLFDO VLJQDOV EHIRUH DQG DIWHU GLVSODFHPHQWZLWK&9'39 DQG
LPSHGDQFHLQEXIIHURULQIHUURF\DQLGHIHUULF\DQLGHDVH[SHFWHGVKRZHGORZHUYDOXHV
DIWHUGLVSODFHPHQW
$IWHU RSWLPLVDWLRQ WKH EHVW FRQGLWLRQV IRU SUHK\EULGLVDWLRQ RI IHUURFHQH)&PXWDWHG
ROLJRQXFOHRWLGH DQG VXEVHTXHQW GLVSODFHPHQW ZLWK FRPSOHPHQWDU\ ROLJRQXFOHRWLGH
ZHUH LQFXEDWLRQ RI µJP/ FDSWXUH SUREH SUHK\EULGLVDWLRQZLWK RI µJP/
IHUURFHQH&)PXWDWHGDQG0RI1D&OLQK\EULGLVDWLRQEXIIHU
7KH UHSURGXFLELOLW\ RI WKH GHWHFWLRQ RI IHUURFHQH&) PXWDWHG GLVSODFHPHQW ZDV
HYDOXDWHG LQ D KRPHPDGHµ/ WZR HOHFWURGH WKLQ OD\HU FHOOZLWK D PP VTXDUH
JROG VKHHW DV D ZRUNLQJ HOHFWURGH RSSRVLWH WR D VROLG VWDWH SODWLQXP UHIHUHQFH DQG
FRXQWHU HOHFWURGH E\ &9 DQG '39 ZLWK IHUURF\DQLGHIHUULF\DQLGH LQ VROXWLRQ  3HDN
KHLJKRI&9ZDVPHDVXUHGEHIRUHDQGDIWHUGLVSODFHPHQWREWDLQLQJµ$DIWHU
WKHSUHK\EULGLVDWLRQRIIHUURFHQH&)PXWDWHGDQGµ$DIWHUGLVSODFHPHQWZLWK
FRQSOHPHQWDU\  6LPLODU UHVXOWVZHUH REWDLQHG E\'39    µ$ DIWHU WKH SUH
K\EULGLVDWLRQ RI IHUURFHQH&) PXWDWHG DQG    µ$ DIWHU GLVSODFHPHQW ZLWK
FRQSOHPHQWDU\
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K\EULGLVHG IHUURFHQH&) PXWDWHG ROLJRQXFOHRWLGH ZDV GHWHFWHG E\ '39 LQ





)LJXUH   3HUFHQWDJH RI HOHFWURFKHPLFDO GLVSODFHPHQW GHWHFWLRQ RI SUHK\EULGLVHG IHUURFHQH&)
PXWDWHGE\FRPSOHPHQWDU\ROLJRQXFOHRWLGHWDUJHW7KHFRQWUROVZHUHFDUULHGRXWGLVSODFLQJZLWKEXIIHU





7KH UHVXOWV ZHUH SUHVHQWHG DV SHUFHQWDJH RI GLVSODFHPHQW REWDLQHG ZLWK WKH WDUJHW
FRPSOHPHQWDU\ ROLJRQXFOHRWLGH DQG ZLWK WKH EXIIHU DQG QRQFRPSOHPHQWDU\
ROLJRQXFOHRWLGH DV FRQWURO  7KH VLJQDO IURP WKH SUHK\EULGLVHG PXWDWHG+53 ZDV
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K\EULGLVDWLRQ LQ D UHDJHQWOHVV V\VWHP  +RZHYHU EHORZ  µ0 RI WDUJHW WKH
GLVSODFHPHQWFDQQRWEHGLIIHUHQFLDWHGIURPWKHQRQVSHFLILFGLVSODFHPHQWE\KHEXIIHU
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$V PHQWLRQHG XQH[SHFWHG HQKDQFHPHQW RI IHUULF\DQLGH VLJQDO ZDV REWDLQHG ZLWK
IHUURFHQHODEHO
6WHOOHWDO &KRLHWDO XVHGIHUULF\DQLGH LQVROXWLRQDQG&9WRGHWHFW
FKDQJHV LQ WKH VXUIDFH FKDUJH RI JROG HOHFWURGHV DQG WKH FRQVHTXHQW HOHFWURFKHPLFDO
LQWHUDFWLRQEHWZHHQ)H&1DQGWKHHOHFWURGHZKHQDGV'1$ZDVK\EULGLVHGRQWKH
HOHFWURGH VXUIDFH %HFDXVH ZKHQ K\EULGLVDWLRQ ZDV GRQH WKH UHGXFWLRQR[LGDWLRQ RI
QHJDWLYH FKDUJHV RQ WKH VXJDUSKRVSKDWH EDFNERQH RI GV'1$ FRYHU WKH HOHFWURGH
VXUIDFH ZKLFK SUHYHQWV )H&1 IURP DSSURDFKLQJ WKH VXUIDFH GHFUHDVLQJ FXUUHQW
VLJQDO ZDV REVHUYHG  6R D VLPLODU GHFUHDVH RI FXUUHQW PLJKW EH REWDLQHG LQ WKH
GLVSODFHPHQWV\VWHP+RZHYHUWKLVV\VWHPFDQQRWEHGLUHFWO\FRPSDUHGZLWKWKH6WHOO





'1$ZDV DOUHDG\ UHSRUWHGE\3DUN DQG+DKQ  $GV'1$PRGLILHG HOHFWURGH
ZDV WUHDWHG ZLWK DQ LQWHUFDODWLQJ DJHQW SURIODYLQH WKHQ WKH QHJDWLYH FKDUJHV RQ WKH
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6R D GRXEOH HIIHFW RI DWWUDFWLRQ DQG HQKDQFHPHQW RI WKH VLJQDO LV SURGXFHG E\ WKH










WKH R[LGDWLRQ RI IHUURFHQH ZKLFK LV UHGXFHG RQ WKH HOHFWURGH VXUIDFH  6R LQ WKH




7R GHPRQVWUDWH WKLV K\SRWKHVLV FKURQRDPSHURPHWU\ RI D PRGLILHG HOHFWURGH ZLWK
FRPSOHPHQWDU\ ROLJRQXFOHRWLGH K\EULGLVHG ZLWK FDSWXUH SUREH LPPRELOLVHG RQ WKH
VXUIDFHDQGRWKHUHOHFWURGHVZLWKIHUURFHQH&)PXWDWHGROLJRQXFOHRWLGHK\EULGLVHGZLWK
LPPRELOLVHGFDSWXUHSUREHZDVFDUULHGRXW




ZDV LQMHFWHG LQWR WKH FHOO WR UHFRUG WKH HIIHFW RI IHUURF\DQLGH LQ WKH UHGXFWLRQ RI
IHUURFHQH
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FDSWXUH SUREH UHG DQG EOXH OLQH DQG FRPSOHPHQWDU\ ROLJRQXFOHRWLGH K\EULGLVHG ZLWK LPPRELOLVHG







7KHVH H[SHULPHQWV GHPRQVWUDWH DQ HOHFWURFDWDO\WLF F\FOH WKDW UHVXOWV LQ VLJQDO







ROLJRQXFOHRWLGH WDUJHW  $ SUHK\EULGLVDWLRQ RI D VXERSWLPXP ODEHOOHG PXWDWHG
ROLJRQXFOHRWLGHUHVXOWVLQWKHSURGXFWLRQRIUHDG\WRXVHODEHOIUHHELRVHQVRU'XHWRWKH
KLJKHUDIILQLW\RI WKH WDUJHW WKDW LV IXOO\FRPSOHPHQWDU\ WR WKHFDSWXUHSUREH WKHSUH
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RSWLPXP LQ WKH KRSH WR DFKLHYH DPSOLILFDWLRQ  +RZHYHU +53 HOHFWURFKHPLFDO
WUDQVGXFHGZDVQRWDPHQDEOHWRWKHK\EULGLVDWLRQFRQGLWLRQVDQGWKLVZRUNZDVOLPLWHG
WR D SURRI RI FRQFHSW  6WLOO HOHFWURFKHPLFDO GHWHFWLRQ RI VXERSWLPXP GLVSODFHPHQW
ZLWK+53ODEHOVKRZVDVSHFLILFGLVSODFHPHQWRIDWµ0RIWKHWDUJHW
6XERSWLPXP K\EULGLVDWLRQ GLVSODFHPHQW IRU GHWHFWLRQ RI F\VWLF ILEURVLV JHQH UHJLRQ
ZDVGHPRQVWUDWHGE\VHYHQPHWKRGV635&9LQEXIIHU'39LQEXIIHULPSHGDQFHLQ
EXIIHU &9 LQ IHUURF\DQLGHIHUULF\DQLGH '39 LQ IHUURF\DQLGHIHUURF\DQLGH DQG
LPSHGDQFH LQIHUURF\DQLGHIHUURF\DQLGH&RPSDULQJZLWK WKHSUHYLRXVHOHFWURFKHPLFDO
V\VWHP XVLQJ +53 ODEHOOHG IRU WKH GLVSODFHPHQW GHWHFWLRQ ORZHU SHUFHQWDJH RI
GLVSODFHPHQW ZDV REWDLQHG ZLWK IHUURFHQH ODEHOOHG   YHUVXV   RI +53
GLVSODFHPHQW DQG D VLPLODU UDQJH RI GHWHFWLRQ ZDV GHPRQVWUDWHG ZLWK ERWK V\VWHPV
+RZHYHULQWKLVFDVHDFRPSOHWHO\UHDJHQWOHVVV\VWHPZDVDFKLHYHGDQGORZHUVUHODWLYH
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/L - &KX ; /LX <  -LDQJ - +H = =KDQJ = 6KHQ * <X 5 1XFOHLF $FLGV
5HVHDUFK
0DUNO\/$%UHVODXHU.-%LRSRO\PHUV




2VWDWQi 9 'ROLQQD\D 1 $QGUHHY 6 2UHWVND\D 7 :DQJ - +LDQLN 7
%LRHOHFWURFKHPLVWU\
3DUN1.+DKQ-+$QDO\WLFDO&KHPLVWU\
3HWHUVRQ $::ROI /. *HRUJLDGLV 56 -RXUQDO RI $PHULFDQ &KHPLFDO 6RFLHW\

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7KH DGYHQW RI SURWHRPLFV REOLJDWHV WR WKH DYDLODELOLW\ RI FRPELQDWRULDO SURWHLQ
UHFRJQLWLRQHOHPHQWVDQGWKHJHQHULFWUDQVGXFWLRQRIWKHLUELRUHFRJQLWLRQUHDFWLRQ
$V PHQWLRQHG LQ WKH ILUVW FKDSWHU VRPH H[DPSOHV RI DQWLERG\ DUUD\V KDYH EHHQ
FRPPHUFLDOLVHGDOWKRXJKDSWDPHUVDUHWKHPROHFXOHVRIFKRLFHWRFUHDWHFRPELQDWRULDO
SURWHRPLFFKLSV
$OWKRXJK HOHFWURFKHPLFDO WUDQVGXFHUV RIIHU VXEVWDQWLDO DGYDQWDJHV RYHU RWKHU
WUDQVGXFHUV W\SLFDOO\ XVHG LQ PLFURDUUD\V VXFK DV KLJK VHQVLWLYLW\ IDVW UHVSRQVH
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WKLRODWHG DSWDPHU ZDV DJDLQ LPPRELOLVHG RQ D JROG HOHFWURGH DQG LQFXEDWHG ZLWK
WKURPELQ,QDVHFRQGLQFXEDWLRQVWHSDELRWLQODEHOOHGDSWDPHUZDVDOORZHGWRELQGWR
WKH RWKHU WKURPELQ H[RVLWH  7KH ELRWLQ DSWDPHU ZDV SUHYLRXVO\ LQFXEDWHG ZLWK
VWUHSWDYLGLQ+53 +RUVHUDGLVK SHUR[LGDVH HIIHFWLYHO\ IRUPLQJ D SHUR[LGDVH ODEHOOHG
DSWDPHU  7KH +53 WKXV LPPRELOLVHG DW WKH HOHFWURGH VXUIDFH ZDV PHDVXUHG
HOHFWURFKHPLFDOO\XVLQJ+2DQGDGLIIXVLRQDORVPLXPPHGLDWRU7KHFXUUHQWUHVXOWLQJ
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DUH GHWHFWHG E\ DQWLERGLHV EHDULQJ UHSRUWHU PROHFXOHV /LQ HW DO   ,Q WKHVH









UHDJHQWOHVV DQG ODEHOIUHH HOHFWURFKHPLFDO WUDQVGXFWLRQ RI LWV PROHFXODU EHDFRQOLNH
WUDQVLWLRQXSRQPROHFXODU UHFRJQLWLRQEHFDXVH LW LVZHOO FKDUDFWHULVHGDQGH[WHQVLYHO\
VWXGLHGZLWKIOXRUHVFHQFHODEHO+DPDJXFKLHWDO7KHEHDFRQOLNH'FKDQJH
RI WKH DSWDPHU VWUXFWXUH FDQEH WUDQVGXFHGE\REVHUYLQJ WKH VLJQLILFDQW FKDQJH LQ WKH
GLVWDQFHGHSHQGHQWYROWDPSHURPHWULFEHKDYLRXURIWKHODEHODVGHPRQVWUDWHGE\)DQHW
DO IRU DPROHFXODUEHDFRQ:HVKRZ WKDW WKHSKHQRPHQDREVHUYHGDUH VSHFLILF
6FKHPH
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1 1¶GLF\FORKH[\OFDUERGLLPLGH ('& ' 6RGLXP WHWUDERUDWH  '1$
6DOPRQ WHVWHV ' ERYLQH VHUXP DOEXPLQ %6$ %
WULVK\GUR[\PHWK\ODPLQRPHWKDQHDFHWLF 7ULV$F 7 WULV+&/ 7
3RO\HWK\OHQHJO\FROVRUELWDQPRQRODXUDWHWZHHQ77KURPELQVXEVWUDWH $OD
*O\$UJSQLWURDQLOLQH 7 GLDPPRQLXP FLWUDWH & WKURPELQ 7
VWUHSWDYLGLQ SHUR[LGDVH ODEHOOHG 6 SQLWURDQLOLQH 10LFURSHUR[LGDVH
0 VDOLQH VRGLXP FLWUDWH EXIIHU 6 DQG PHUFDSWRHWKDQRO 0 ZHUH
SXUFKDVHG IURP 6LJPD   1D&O  +&O  .2+  .+32
+62DQG+2ZHUHVXSSOLHGIURP3DQUHDF6RGLXP
WHWUDERUDWH  GLPHWK\OIRUPDPLGH  IHUURFHQHDFHWLF DFLG 
GLWKLRWKUHLWRO '77DQG1+\GUR[\VXFFLQLPLGH1+6ZHUHIURP
$OGULFK DQG K\GUR[LSLFROLQLF DFLG +3$  IURP )OXND  7KH 6HSKDGH[*
'1$ JUDGH UHVLQ  ZDV SXUFKDVHG IURP $PHUVKDP 3KDUPDFLD %LRWHFK
6WUHSWDYLGLQFRDWHGSODWHVZHUHSXUFKDVHGIURP/DEV\VWHPV 7KHHOHFWURQFRQGXFWLQJ
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7KH FRORXULPHWULF GHWHFWLRQ RI WKURPELQ E\ HQ]\PHOLQNHG ROLJRQXFOHRWLGH DVVD\
(/21$ ZDV GHWHFWHG ZLWK DQ (/,6$ UHDGHU 6SHFWUD0D[ 3& IURP 0ROHFXODU
'HYLFHV UXQQLQJ 6RIW0D[ 3UR VRIWZDUH 0HDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ FP
SDWKOHQJWKTXDUW]FXYHWWHV
(OHFWURFKHPLFDO PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ DQ $XWRODE 3*67$7
HOHFWURFKHPLFDO DQDO\VLV V\VWHP UXQQLQJ *3(6 PDQDJHPHQW VRIWZDUH IURP (FR
&KHPLH (OHFWURFKHPLVWU\ ZDV SHUIRUPHG LQ D KRPHPDGH µ/ WZR HOHFWURGH WKLQ
OD\HUFHOOZLWKDPPVTXDUHJROGVKHHWDVDZRUNLQJHOHFWURGHRSSRVLWHWRDSODWLQXP
HOHFWURGH RU D VROLG VWDWH $J$J&O UHIHUHQFHFRXQWHU SDLQWHG RQ D SODVWLF VXEVWUDWH
$J$J&O LQN IURP 'XSRQW  FRQGXFWRU ZDV XVHG DQG WKLV LV FDOOHG D ³TXDVL
$J$J&OUHIHUHQFH´VLQFHLWVSRWHQWLDOZDVPRGXODWHGE\WKHFRQWDFWVROXWLRQ7RNHHS
SRWHQWLDOV FRQVLVWHQW WKURXJKRXW WKLVZRUN WKLV HOHFWURGHKDV EHHQ FDOLEUDWHG IRU HDFK
VROXWLRQXVHGDJDLQVWDVWDQGDUG$J$J&O




ZLWK GRXEOH FKDQQHO $XWRODE (635,7 HTXLSPHQW IURP (FR &KHPLH 7KH H635
HOHFWURFKHPLFDOFHOO LV D WZRHOHFWURGH V\VWHPZLWKDPPJROG OD\HU VHQVRUGLVN





UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente





7KH VHTXHQFH RI WKH DSWDEHFRQ IRU WKURPELQ ¶&&$$&**77**7*7**77**¶
ZDV UHSRUWHG LQ WKH OLWHUDWXUH %RFN HW DO 1DWXUH  ,WV V\QWKHVLV ZDV FRQWUDFWHG WR
4LDJHQ*HUPDQ\DQGZDV+3/&SXULILHG,WFRQWDLQVD¶QRQDPHWK\OHQHGLVXOSKLGH
DQG D ¶ KHSWDPHWK\OHQH DPLQRVSDFHU JLYLQJ DV ILQDO VWUXFWXUH 'LVXOIXU&¶
&&$$&**77**7*7**77**¶&$PLQH7KHDSWDPHUVROXWLRQZDVPDGHDW
PJP/ZLWKDXWRFODYHGPLOOL4ZDWHUDQGVWRUHGDW&$IUHVKO\SUHSDUHGVROXWLRQ
RI  QPRO RI 1 K\GUR[\VXFFLQLPLGH HVWHU 1+6 DQG  QPRO RI 1 1¶
GLF\FORKH[\OFDUERGLLPLGH ('& LQ DQK\GURXV GLPHWK\OIRUPDPLGH ZHUH DGGHG WR D
VROXWLRQRIQPRORIIHUURFHQHDFHWLFDFLGLQWKHVDPHVROYHQW7KHILQDOYROXPHZDV
µ/7KHUHDFWLRQPL[WXUHZDVVWLUUHGDWURRPWHPSHUDWXUHXQGHUDUJRQDWPRVSKHUH
XQWLO DSSHDUDQFH RI D SUHFLSLWDWH  ('& IRUPV DQ DFWLYH HVWHU IXQFWLRQDO JURXS ZLWK
FDUER[\ODWHJURXSXVLQJ1+6,QWKLVUHDFWLRQLVIRUPHGDSUHFLSLWDWHRIRDF\OXUHDWKDW
ZDV UHPRYHG E\ FHQWULIXJDWLRQ DQG WKH VXSHUQDWDQW ZDV DGGHG WR  µ/ RI  0
VRGLXPWHWUDERUDWHEXIIHUDWS+FRQWDLQLQJQPRORIWKHDPLQRPRGLILHGDSWDPHU
DQG LWZDV OHIW WRUHDFW IRUKRXUVDW URRPWHPSHUDWXUH7KHDFWLYHHVWHUJURXS LQ WKH




D WKLRO JURXS OLQNHG WR WKH DSWDPHU 7KH PRGLILHG DSWDPHU ZDV SXULILHG ZLWK *
6KHSKDGH[FROXPQ896SHFWURSKRWRPHWU\ZDVXVHGWRFROOHFWWKHDSSURSULDWHIUDFWLRQ
IURP WKH FROXPQ 7KH SURGXFW ZDV FKDUDFWHULVHG E\ 89 VSHFWURPHWU\ F\FOLF
YROWDPPHWU\DQG0$/',72)
89VSHFWRSKRWRPHWU\PHDVXUHPHQWVZHUHFDUULHGRXWXVLQJFPSDWK OHQJWKTXDUW]




P01D&O S+ DW 9 VZLWK DPP JROG HOHFWURGH DQGD$J$J&OTXDVL
UHIHUHQFHHOHFWURGH
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0$/',72) FKDUDFWHULVDWLRQZDV FDUULHG RXU XVLQJ D K\GUR[LSLFROLQLF DFLG +3$
PDWUL[ $  J / VROXWLRQ RI +3$ LQ 0LOOL4 ZDWHU DQG  J / VROXWLRQ RI
GLDPPRQLXP FLWUDWHZHUH SUHSDUHG DQG ERWK UHDJHQWVZHUH FRPELQHG LQ D UDWLR RI 
+3$  1+&LWUDWH    7KH PL[WXUH ZDV VWLUUHG IRU  PLQXWH DQG FHQWULIXJHG WR
VHSDUDWH WKH ZKLWH SUHFLSLWDWH  7KH VDPH YROXPH RI VXSHUQDWDQW ZDV PL[HG ZLWK
IHUURFHQHDSWDPHU LQDILQDOFRQFHQWUDWLRQRISPROµ/ µ/RIWKHPL[WXUHZDV
DOORZHG WRDLUGU\RQD VWDLQOHVV VWHHO SODWH  9RI DFFHOHUDWLQJYROWDJH RI

















$PL[HG VHOIDVVHPEOHG PRQROD\HU ZDV XVHG IRU WKH DSWDPHU LPPRELOLVDWLRQ RQ WKH
JROGHOHFWURGH 7KHHOHFWURGHZDV LQFXEDWHGIRU WZRKRXUVDW URRPWHPSHUDWXUHLQ
µJP/WKLRODSWDPHUGLVVROYHGLQ0.+327KLVZDVIROORZHGE\DQLQFXEDWLRQ
LQ  P0 PHUFDSWRHWKDQRO IRU RQH KRXU DW URRP WHPSHUDWXUH WR GLVSODFH WKH
ROLJRQXFOHRWLGHV WKDW KDG UDQGRPO\ DGVRUEHG RQWR WKH VXUIDFH LQVWHDG RI WKURXJK WKH
WKLROJURXSDQGWREORFNDQ\IUHHVXUIDFHVLWHV%HWZHHQLQFXEDWLRQVWHSVWKHHOHFWURGHV
ZHUHZDVKHGWKUHHWLPHVZLWKZDVKVROXWLRQIRUPLQXWHV
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(OHFWURFKHPLFDO PHDVXUHPHQWV ZHUH UHFRUGHG LQ WKH WKLQ OD\HU FHOO FRQILJXUHG WR
FRQWDLQDWRWDOYROXPHRI /P0RIWKURPELQFKURPRJHQLFVXEVWUDWHLQP0
7ULV$F  P0 1D&O S+ ZDV LQMHFWHG LQWR WKH FHOO DQG D GLIIHUHQWLDO SXOVH
SRODURJUDSK\ EHWZHHQ ±9 DQG ±9ZLWK D SXOVH KHLJKW RI ±9 DQG D SXOVH






7KH WKLRODSWDPHU LPPRELOLVDWLRQ DQG WKH VXEVHTXHQW LQWHUDFWLRQZLWK WKURPELQZHUH
SHUIRUPHGIROORZLQJWKHVDPHVWHSVGHWDLOHGIRUWKHSUHYLRXVV\VWHPµ/RIDSUH
PL[HGVROXWLRQFRQWDLQLQJµJP/VWUHSWDYLGLQKRUVHUDGLVKSHUR[LGDVH6$+53DQG
µJP/ELRWLQDSWDPHUZDVXVHG WRELQG ODEHOOHG DSWDPHU DW WKH VHFRQG WKURPELQ
ELQGLQJVLWH7KHLQFXEDWLRQZDVGRQHDW&IRUKRXU%HWZHHQVWHSVWKHHOHFWURGHV
ZHUHZDVKHGZLWKZDVKVROXWLRQ
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WKH VXUIDFH7RDFWLYDWH WKH VXUIDFH WKHJROGHOHFWURGHVZHUH LPPHUVHG LQµ/RI
P0PHUFDSWRHWKDQRO LQ0.+32 IRUKRXUDW URRP WHPSHUDWXUH 7KH WKURPELQ
ZDV LPPRELOLVHGE\LQFXEDWLRQLQDQµJP/RI WKURPELQEXIIHUVROXWLRQP0
7ULV$FP01D&OS+IRURQHKRXUDW&$EORFNLQJVWHSZDVQHFHVVDU\WR
DYRLG QRQVSHFLILF DGVRUSWLRQ RI RWKHU ELRPROHFXOHV  7KLV ZDV DFFRPSOLVKHG E\
LQFXEDWLRQ LQDERYLQHVHUXPDOEXPLQ %6$VROXWLRQ IRURQHKRXUDW &7KH
WKURPELQ ERXQG RQ WKH VXUIDFHZDV GHWHFWHGZLWK D SUHPL[HG VROXWLRQ RI µJP/









$ VHOIDVVHPEOHG PRQROD\HU ZDV XVHG IRU WKH DSWDPHU LPPRELOLVDWLRQ RQ WKH JROG
HOHFWURGH 7KHHOHFWURGHZDVLQFXEDWHGIRU WZRKRXUVDWURRPWHPSHUDWXUHLQµJ






ZRUNLQJ HOHFWURGH RSSRVLWH WR D VROLG VWDWH $J$J&O UHIHUHQFHFRXQWHU SDLQWHG RQ D
SODVWLFVXEVWUDWHZDVXVHG7KHWKLQOD\HUFHOOFRQILJXUHGWRFRQWDLQDWRWDOYROXPHRI
 /ZDVHPSOR\HGIRUWKHVHH[SHULPHQWV
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LPPRELOLVHG IRU RQH KRXU RQ WKH JROG FRDWHG JODVV VXUIDFH 7KH LQWHUDFWLRQ ZLWK
WKURPELQ ZDV SHUIRUPHG ZLWK LQFXEDWLRQ RI  µJ P/ WKURPELQ LQ  P0 FLWUDWH
EXIIHUS+P01D&OGXULQJPLQXWHV5HJHQHUDWLRQRIWKURPELQZDVFDUULHG
RXWZLWKWKUHHLQFXEDWLRQVRIP0JO\FLQHP0+&OIRUPLQXWHVHDFK$VD
FRQWURO µ0RI %6$ LQ P0 FLWUDWH EXIIHU S+  P01D&OZDV LQMHFWHG
XQGHU WKH VDPH FRQGLWLRQV DV WKH WKURPELQ $IWHU HDFK LPPRELOLVDWLRQ D F\FOLF
YROWDPPRJUDPZDVUHFRUGHGZLWKDVFDQUDWHRI9VEHWZHHQ±9DQG9









H[SRVLQJ LW WRµJP/RI WKLRODSWDPHUIHUURFHQH LQ01D+32DQGµ0
037KHQWKHLQWHUDFWLRQZLWKWKHGLIIHUHQWFRQFHQWUDWLRQVRIWKURPELQRU%6$LQWKH
FDVH RI FRQWUROV ZDV SHUIRUPHG LQ  P0 FLWUDWH EXIIHU S+   P0 1D&O ZDV
GHWHFWHGE\F\FOLFYROWDPPHWU\VFDQUDWHRI9VVFDQEHWZHHQ±9DQG9
DQG FKURQRDPSHURPHWU\  9ZDV DSSOLHG LQ D VROXWLRQ RI  P0+2 LQ P0
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DPL[WXUH RI µJP/RI WKLRODSWDPHUIHUURFHQH LQ 01D+32 DQG µ0
03 ZDV LPPRELOLVHG IRU RQH KRXU RQ WKH JROG FKLSV  µ/ RI WKURPELQ
FRQFHQWUDWLRQVEHWZHHQQ0WRI0LQP0FLWUDWHEXIIHUS+P0
1D&OZHUHLQFXEDWHGZLWKWKHVHQVRUIRUKRXUDW&7KHVDPHFRQFHQWUDWLRQV%6$
XQGHU WKH VDPH FRQGLWLRQV WR TXDOLI\ QRQVSHFLILF UHVSRQVH ZHUH DOVR LQMHFWHG  7KH
H[FHVVRIWKURPELQRU%6$LQFXEDWHGZLWKWKHPL[HGPRQROD\HURI WKHUHGR[ODEHOOHG
DSWDPHUDQG03ZDVVXEVHTXHQWO\ZDVKHG
$IWHU635GHWHFWLRQ WKH VDPH LQWHUDFWLRQZDVGHWHFWHG HOHFWURFKHPLFDOO\RQ WKH VDPH
JROGFKLSXVHGDVZRUNLQJHOHFWURGHDQGZLWKDSODWLQXPZLUHXVHGDVFRXQWHUUHIHUHQFH
HOHFWURGH  7ZR HOHFWURFKHPLFDO WHFKQLTXHV ZHUH XVHG WR GHWHFW WKLV LQWHUDFWLRQ
LPSHGDQFHVSHFWURVFRS\DQGFKURQRDPSHURPHWU\
,PSHGDQFHPHDVXUHPHQWVZHUH FDUULHG RXW LQ P0 FLWUDWH EXIIHU S+  P0
1D&O XVLQJ D IUHTXHQF\ VZHHS EHWZHHQ  0+] DQG  +] DQG D VLQXVRLGDO DF
SRWHQWLDOSHUWXUEDWLRQRI9
7KH VDPH HOHFWURFKHPLFDO FHOO XVHG IRU LPSHGDQFH PHDVXUHPHQWV ZDV XVHG IRU
FKURQRDPSHURPHWU\GHWHFWLRQµ/RIP0FLWUDWHEXIIHUS+ P01D&O
ZDVDGGHGLQWRWKHFHOODSRWHQWLDORI±9YHUVXV$J$J&OZDVDSSOLHGDQGZKHQWKH
EDVH OLQH ZDV VWDELOLVHG DW  VHFRQGV  P0 +2 ZDV LQMHFWHG LQWR WKH
HOHFWURFKHPLFDO FHOO 7KH UHVSRQVH FRXOG EH REVHUYHG DW  VHFRQGV EXW WKH FXUUHQW
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$IWHU WKH FRQMXJDWLRQ RI WKH GLVXOSKLGHDPLQHODEHOOHGDSWDPHU 0:  J PRO
ZLWK('&0: JPRO1+60: JPRO'770: JPRODQG
IHUURFHQDFHWLF DFLG 0:  J PRO WR REWDLQ D WKLROIHUURFHQHODEHOOHG DSWDPHU
0: JPROWKHH[FHVVRIUHDJHQWVZHUHVHSDUDWHG'XHWRDIROGH[FHVVRI
IHUURFHDFHWLF DFLG LW LV DVVXPHG WKDW DOO DSWDPHUZDVPRGLILHG HQWLUH    7KH UHVW RI
UHDJHQWV ZHUH VHSDUDWHG IURP WKH WKLROIHUURFHQHODEHOOHG DSWDPHU E\ VL]H H[FOXVLRQ
FKURPDWRJUDSK\ZLWKD*6HSKDGH[FROXPQ7KHFRPSRQHQWVZHUHVHSDUDWHGLQWZR
PDMRU JURXSV DFFRUGLQJ WR WKH VL]H UDQJH WKLROIHUURFHQHODEHOOHG DSWDPHUZDV HOXWHG
ILUVWDQGQH[WWKHORZPROHFXODUZHLJKWPROHFXOHV('&1+6'77DQGIHUURFHQDFHWLF
DFLG
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.XKU  DXWKRUVZKR GHVFULEH D V\QWKHVLV SURFHGXUHPRVW FORVHO\ UHVHPEOLQJ WKH
RQH IROORZHG KHUH ,Q WKLV ZRUN LW LV WKHUHIRUH DVVXPHG WKDW WKH DERYH FKDUDFWHULVWLF
YDOXHVLQGLFDWHWKHVXFFHVVIXOV\QWKHVLVRIWKHUHGR[PRGLILHGDSWDPHU
(OXWLRQWXEH
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αKXPDQ WKURPELQ LVDKLJKO\VSHFLILFVHULQHSURWHDVH WKDWFDWDO\VHV WKHK\GURO\VLVRI





,Q WKH EDVLF (/21$ FRQILJXUDWLRQ ELRWLQDSWDPHUZDV LPPRELOLVHG RQ D VWUHSWDYLGLQ
SODWH DQG LQFXEDWHGZLWK WKURPELQ  7KH ERXQG WKURPELQZDV GHWHFWHG E\ LQFXEDWLRQ
ZLWKWKHFKURPRJHQLFVXEVWUDWH$VORZUHVSRQVHZDVREWDLQHGIURPWKHFRORXULPHWULF
GHWHFWLRQRI WKURPELQE\(/21$ $IWHURQHKRXURI LQFXEDWLRQ LWZDV LPSRVVLEOH WR
GLIIHUHQWLDWH WKH EDFNJURXQG FRQWUROVZLWKRXW WKURPELQ DGGLWLRQ DQGZLWKRXW ELRWLQ
DSWDPHU LQFXEDWLRQ IURP WKH DSWDPHUWKURPELQ VLJQDO VDPSOH$IWHU WKUHH KRXUV RI




)LJXUH    &RORXULPHWULF GHWHFWLRQ (/21$ RI WKURPELQ ERXQG ZLWK ELRWLQDSWDPHU WKURXJK D
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+RZHYHUZKHQD VLPLODU DSSURDFKZDVXVHG WRGHWHFW FRORXULPHWULFDOO\ WKH WKURPELQ
DSWDPHUFRPSOH[LQDKRPRJHQHRXVVROXWLRQIRUPDWLQVWHDGRILPPRELOLVHGRQDSODWHD
UHVSRQVHZDV REWDLQHG LQ D OLWWOH RYHU PLQXWHV /LX HW DO  7KH)LEULQRJHQ
H[RVLWH LV LPSRUWDQW IRU WKURPELQ UHFRJQLWLRQ RI VXEVWUDWHV FRIDFWRUV DQG LQKLELWRUV
3DGPDQDEKDQHW DO  7KHGLIIHUHQW UHVSRQVHEHWZHHQ WKH VXUIDFH LPPRELOLVHG




UHGR[ SRWHQWLDOV WKH\ FDQ EH GHWHFWHG E\ GLIIHUHQWLDO SXOVH YROWDPPHWU\ '39




VROXWLRQ ZDV GHWHFWHG  $W WKH VDPH FRQFHQWUDWLRQ WKH FXUUHQW REWDLQHG IURP WKH S
QLWURDQLOLQH ZDV  WLPHV KLJKHU WKDQ WKH VXEVWUDWH FXUUHQW SHDN RZLQJ WR WKH
DGVRUSWLRQ RI WKH SHSWLGH  $OD*O\$UJSQLWURDQLOLQH RQ WKH HOHFWURGH VXUIDFH
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RI WKURPELQ VXEVWUDWH  $OD*O\$UJSQLWURDQLOLQH LQ VROXWLRQ SHDN DW  9 DQG GLIIHUHQW




,Q WKH HOHFWURFKHPLFDO IRUPDW WKLRODSWDPHU LPPRELOLVHG RQ JROG ZRUNLQJ HOHFWURGH
ELQGV WKURPELQ GXULQJ DQ LQFXEDWLRQ VWHS 7KH ERXQG WKURPELQ ZDV GHWHFWHG E\
TXDQWLILFDWLRQ RI SQLWURDQLOLQH SURGXFHG E\ WKH WKURPELQ  7KH '39 H[SHULPHQWV
VKRZHGD FXUUHQWSHDNDW ±9 LQ WKHSUHVHQFHRI WKH WKURPELQ VXEVWUDWH $IWHU
PLQXWHV WKH SHDN DW ± 9 GHFUHDVHG DQG D QHZ SHDN ZDV GHWHFWHG DW ± 9
LQGLFDWLQJ WKH IRUPDWLRQ RI SQLWURDQLOLQH 7KH VDPH PHDVXUHPHQWV FDUULHG RXW RQ D
FRQWUROHOHFWURGHZKHUH%6$ZDVVXEVWLWXWHGIRUWKURPELQVKRZHGRQO\DSHDNDW
97KH HOHFWURFKHPLFDOPHDVXUHPHQWZHUH FDUULHG RXW LQ D µO FHOO XVLQJ D V\VWHP




LQ VROXWLRQ ZDV FDUULHG RXW LQ D WKUHHHOHFWURGHV FHOO ZLWK D $J$J&O .&O VDWXUDWHG
UHIHUHQFHHOHFWURGHDQGGHWHFWLRQRISQLWURDQLOLQHSURGXFHGLQDQLPPRELOLVHGDSWDPHU
WKURPELQ FRPSOH[ ZDV FDUULHG RXW LQ D WZRHOHFWURGH FHOO VHWXS XVLQJ D VROLG VWDWH
$J$J&OUHIHUHQFHFRXQWHUSDLQWHGRQDSODVWLFVXEVWUDWH)LJXUH

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FXUUHQW RI WKURPELQ VXEVWUDWH DW  9 DQG WKH SHDN FXUUHQW RI WKH SURGXFW IURP
WKURPELQFDWDO\VLVDW9)URPWKHV\VWHPZLWK%6$QRFRQVXPSWLRQRIVXEVWUDWH
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'LIIHUHQWLDOSXOVHYROWDPPHWU\ZDV UHFRUGHG IRUGLIIHUHQW WLPHVRI WKURPELQ VXEVWUDWH
LQFXEDWLRQ)LJXUHVKRZVWKHFXUUHQWGHFUHDVLQJWHQGHQF\RIWKHWKURPELQVXEVWUDWH




)LJXUH  9DULDWLRQRI WKH VXEVWUDWHSHDN FXUUHQW DV D ILQFWLRQRI WLPHGXULQJ WKHK\GURO\VLVRI WKH











HTXDO WR ) LV WKH IDUDGD\ FRQVWDQW &PRO$ LV WKH HOHFWURGH DUHD 
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µ0RI WKURPELQ VXEVWUDWH FRQFHQWUDWLRQZDV XVHG IRU WKH H[SHULPHQWV ZKLFK LV
HTXLYDOHQW WR D WKHRUHWLFDO FXUUHQW RI µ$ZKLOH WKH H[SHULPHQWDO FXUUHQW REWDLQHG
IURPWKLVUHDJHQWDWWKHVDPHFRQFHQWUDWLRQZDVµ$
$QLPSRUWDQWUHGXFWLRQLQWKHDVVD\WLPHIURPKRXUVWRPLQXWHVZDVGHPRQVWUDWHG
RQ JRLQJ IURP DQ RSWLFDO WR DQ HOHFWURFKHPLFDO PHDVXUHPHQW  (OHFWURFKHPLVWU\ LV
LQKHUHQWO\ VXUIDFH DVVRFLDWHG WHFKQLTXHV ZKLOH WKH RSWLFDO GHWHFWLRQ LG GHSHQGHQW RQ






+XPDQαWKURPELQ ;UD\ VWUXFWXUH GDWD 5\GHO HW DO  )LJXUH   UHYHDOV D
SURWHLQZLWKPXOWLSOHIXQFWLRQDOUHJLRQV,QDGGLWLRQWRWKHDFWLYHVLWHDQGWKHDGMDFHQW




GRPDLQ FRPSRVHG RI$UJLQLQH /\VLQH /\VLQH  DQG$UJLQLQH   ,W FDQ
ELQG WKH WZR QDUURZ JURRYHV IRUPHG E\ WZR ORRSV RI 77 EDVHV  7KH WKURPELQ¶V
PXOWLSOHELQGLQJVLWHVDOORZLWWREHGHWHFWHGE\DVDQGZLFKDVVD\
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)LJXUH   7KH LQWHUDFWLRQ EHWZHHQ DSWDPHU DQG WKURPELQ LV LOOXVWUDWHG LQ WKLV LPDJH 5\GHO HW DO
αKXPDQWKURPELQVKRZQLQSXUSOHWKHRULHQWDWLRQLVWRZDUGWKHDFWLYHVLWHFOHIWZLWKWKHDFWLYH
VLWH6HU LVVKRZQLQZKLWH7KHVWURQJHVWSRVLWLYHHOHFWURVWDWLF ILHOG LVREVHUYHGIRU WKHKHSDULQELQGLQJ
H[RVLWHRQWKHWRSRIWKHPROHFXOHVKRZQLQUHG7KHVHFRQGVXUIDFHUHJLRQRIKLJKSRVLWLYHFKDUJHLV
VKRZQLQ\HOORZ7KHGLDJUDPRIWKHDQWLWKURPELQDSWDPHUVKRZQLQWXUTXRLVHLVSRVLWLRQHGVXFKWKDW





7R FRPSOHWH WKH VDQGZLFK DVVD\ D VHFRQG DSWDPHU EHDULQJ+53ZDV LQFXEDWHGZLWK
SUHYLRXVO\ ERXQG WKURPELQ  +53 LV UHDGLO\ GHWHFWHG HOHFWURFKHPLFDOO\ WKURXJK LWV
HQ]\PDWLF UHDFWLRQ +53 FDWDO\VHV WKH QRQVSHFLILF R[LGDWLRQ RI D YDULHW\ RI VSHFLHV
XVLQJ +2 DV R[LGLVLQJ DJHQW  3UHYLRXVO\ WKH XVH RI DQ HIILFLHQW PHGLDWRU DQG WKH
DGGLWLRQ RI +2 DOORZHG HOHFWURFKHPLFDO GHWHFWLRQ RI SHUR[LGDVH WKURXJK WKH
HOHFWURFDWDO\WLF UHDFWLRQ .DWDNLVDQG+HOOHU9UHHNHHWDO9UHHNHHWDO

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'LIIHUHQW VWUDWHJLHV WR LQFXEDWH WKURPELQ DQG WKH VHFRQG DSWDPHU ZLWK WKH ILUVW
LPPRELOLVHGDSWDPHUZHUHDWWHPSWHG6HSDUDWHGKRXULQFXEDWLRQVWHSVIRUWKURPELQ
ELRWLQDSWDPHU DQG 6$+53 ZHUH FDUULHG RXW DW  &  'RLQJ WKUHH VHSDUDWH
LQFXEDWLRQV JLYHV DQ LQFUHDVH RI FKURQRDPSHURPHWULF VLJQDO IURP WKH FRQWUROZLWKRXW
WKURPELQEHFDXVHRIDKLJKHUQRQVSHFLILFDGVRUSWLRQRI6$+53$SUHLQFXEDWLRQRI
WKURPELQELRWLQDSWDPHUDQG6$+53LQDWXEHIRUKRXUDW&ZLWKWKHVXEVHTXHQW
LQWHUDFWLRQRI WKHSUHLQFXEDWHGPL[WXUHZLWK WKH LPPRELOLVHGDSWDPHUZDV WHVWHG  ,Q
WKLVFDVHDGHFUHDVHRIVDPSOHVLJQDOZDVREWDLQHG7KHUHDVRQFRXOGEHWKDWWKURPELQ
ZDV DOUHDG\ ERXQG ZLWK WKH VHFRQG DSWDPHU+53 ZKLFK SURGXFHG D GHFUHDVH RI
ELQGLQJ VLWHV FRPELQHG ZLWK VWHULF LPSHGLPHQW IRU WKURPELQ WR ELQG ZLWK WKH
LPPRELOLVHGDSWDPHU+LJKHUVDPSOHUHVSRQVHDQGDGHFUHDVHRIWKHFRQWUROVUHVSRQVH
ZDVREWDLQHGZLWKDSUHLQFXEDWLRQRIELRWLQDSWDPHUDQG6$+53IRUKRXUDW&







DQG DOVR EORFNLQJ WKH UHVW RI WKH JROG VXUIDFH WKDW ZDV QRW RFFXSLHG E\ WKH DSWDPHU
/HYLFK\HWDO
2SWLPLVDWLRQRI LQFXEDWLRQWHPSHUDWXUHDQGWLPHRI WKURPELQDQGELRWLQDSWDPHU+53
LQWHUDFWLRQ ZDV FDUULHG RXW  7KH LQFUHDVH RI WHPSHUDWXUH LQ WKH LQWHUDFWLRQ EHWZHHQ
WKURPELQ DQG ELRWLQDSWDPHU+53 QHJDWLYHO\ DIIHFWV WKH QRQVSHFLILF ELQGLQJ RI 6$
+53QHYHUWKHOHVVDGHFUHDVHLQWKHLQFXEDWLRQWLPHUHGXFHVWKLVSUREOHP
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7KH FDWDO\WLF FXUUHQW DFKLHYHG IRU WKH RSWLPLVHG FRQILJXUDWLRQ RI DSWDPHUWKURPELQ
DSWDPHU LQWHUDFWLRQZDVµ$1HJDWLYH FRQWUROVZHUH FDUULHGRXW WRYHULI\ WKDW WKH
REVHUYHGVLJQDOZDVQRWGXHWRQRQVSHFLILFDGVRUSWLRQ$QHJDWLYHFRQWUROVZLWKRXWWKH
EDVHDSWDPHULPPRELOLVHGRQWKHHOHFWURGHVXUIDFHUHVXOWHGLQDµ$FDWDO\WLFFXUUHQW











ODEHOOHG DSWDPHU WKH OLPLW RI GHWHFWLRQ IRU WKLV V\VWHPZDV VWLOO Q0 )LJXUH
 7RPHDVXUHWKHOLPLWRIGHWHFWLRQWKHQRQTXDQWLILDEOHRUVDWXUDWHGSRLQWVZHUH
GLVFDUGHGDQG WKHYDOXHV WKDWKDYHD OLQHDU UHVSRQVHZHUH ILWWHG LQD OLQHDU UHJUHVVLRQ
OLQH7KHVWDQGDUGGHYLDWLRQRIWKHOLQHZDVPHDVXUHGDQGPXOWLSOLHGE\LQRUGHUWR
UHGXFH WKH SUREDELOLW\ RI D IDOVH QRQGHWHFWLRQ WR   7KLV YDOXHZDV DGGHG WR WKH
VLJQDOYDOXHGLVWLQJXLVKDEOHIURPQRLVHUHVSRQVH
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7KHGLUHFW DGVRUSWLRQ RI WKURPELQ RQ EDUH JROG HOHFWURGHVPHUFDSWRHWKDQROPRGLILHG
JROG HOHFWURGHV DQG SRO\VW\UHQH VXUIDFH (/21$ SODWHV ZDV WHVWHG 7KURPELQ ZDV
RQO\GHWHFWHGRQWKHPHUFDSWRWUHDWHGVXUIDFHDQGZDVQRWGHWHFWDEOHRQWKHXQPRGLILHG
VXUIDFHV*ROGSRO\VW\UHQHDQGJROGPRGLILHGZLWKPHUFDSWRHWKDQROKDYHDUHVSHFWLYH
SRVLWLYH QHXWUDO DQG QHJDWLYH FKDUJH  ,W LV OLNHO\ WKDW WKH QHJDWLYHO\ FKDUJHG JROG
VXUIDFH LQWHUDFWHG WKURXJK K\GURJHQ ERQGV RU YDQ GHU :DDOV LQWHUDFWLRQV ZLWK WKH
HOHFWURSRVLWLYHELQGLQJVLWHRIWKURPELQ+RZHYHULWLVDOVRSRVVLEOHWKDWRQWKHRWKHU





EHQHILW RI D EORFNLQJ DJHQW  ,Q IDFW WKH QRQVSHFLILF DGVRUSWLRQ RI DSWDPHU+53
VKRZHGDQHYHQKLJKHUVLJQDOµ$ 'LIIHUHQWEORFNLQJDJHQWV  µJP/'1$
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)LJXUH &KURQRDPSHURPHWULF UHVSRQVH RI DSWDPHU+53 LQWHUDFWHGZLWK WKURPELQ LPPRELOLVHGRQ
PRGLILHG JROG  PP  7HVW RI GLIIHUHQW EORFNLQJ DJHQW WR UHGXFH WKH QRQVSHFLILF DGVRUSWLRQ RI
DSWDPHU+53  &KURQRDPSHURPHWULF UHVSRQVH ZDV WKH GLIIHUHQFH LQ FXUUHQW DW  9 YV $J$J&O
EHIRUHDQGDIWHUDGGLWLRQRIP0+2Q 

,QFRUSRUDWLQJ WKH EORFNLQJ VWHS LQ WKH SURWRFRO WKH FRQFHQWUDWLRQ RI 6$+53 ZDV
RSWLPLVHG +LJKHUFRQFHQWUDWLRQRI6$+53SURGXFHGPRUHRU OHVV WKHVDPHDYHUDJH
UHVSRQVH WKDQ ORZHU 6$+53 FRQFHQWUDWLRQ EXW FDXVHG KLJK LUUHSURGXFLELOLW\ LQ WKH
UHVSRQVH
7KHHIIHFWRIWKHGXUDWLRQRIDSWDPHU+53LQFXEDWLRQZDVDOVRRSWLPLVHG$VVKRZQLQ
ILJXUH  DW VKRUW LQFXEDWLRQ WLPHV WKH QRQVSHFLILF DGVRUSWLRQ RI DSWDPHU+53 LV
KLJKHU$QLQFXEDWLRQRIPLQXWHVLVQHFHVVDU\WRDVVXUHDFOHDUGLIIHUHQFHEHWZHHQ
WKHVDPSOHDQGWKHFRQWURO
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DQG ZLWKRXW VXUIDFH PRGLILFDWLRQ ZHUH  µ$  µ$ DQG  µ$ UHVSHFWLYHO\
)LJXUH

)LJXUH $PSHURPHWULFGHWHFWLRQRI DSWDPHU+53 LQWHUDFWHGZLWK WKURPELQ DGVRUEHGRQ WKHJROG







UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente




)LJXUH   &KURQRDPSHURPHWULF UHVSRQVH RI GLIIHUHQW FRQFHQWUDWLRQ RI WKURPELQ LPPRELOLVHG RQ





REWDLQHG DV D UHVXOW RI WKH QRQVSHFLILF LQWHUDFWLRQ RI WKH DSWDPHU ZLWK WKH VXUIDFH
ZKLFKZDVDYRLGHGE\DQDSSURSULDWHEORFNLQJDJHQW6LQFHDZDVKVWHSLVLQFRUSRUDWHG
EHWZHHQ DSWDPHU LQWHUDFWLRQ DQG GHWHFWLRQ HOHFWURFKHPLFDO LQWHUIHUHQFH LQ EORRG RU
SODVPD VKRXOG QRW FDXVH VLJQLILFDQW SUREOHPV LQ WKH DSSOLFDWLRQ RI WKLV WHFKQLTXH







ZLWK WKURPELQ :KHQ ELQGLQJ RFFXUV DQWLWKURPELQ DSWDPHUV DUH IROGHG LQ D *
TXDGUXSOH[VWUXFWXUHZLWKDFHQWUDOSDUWRIWKHVWUXFWXUHIRUPHGE\WZRJXDQLQHTXDUWHWV
3DGPDQDEKDQHWDO)LJXUH
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7KH FKDQJH LQ FRQIRUPDWLRQ RI WKH DSWDPHU IURP GXSOH[ VWUXFWXUH WR ' TXDGUXSOH
VWUXFWXUH LQ WKH SUHVHQFH RI WKURPELQ FDQ EH GHWHFWHG HOHFWURFKHPLFDOO\ 7KLV
FRQIRUPDWLRQDOFKDQJHFDXVHVDGLIIHUHQFHEHWZHHQWKHGLVWDQFHVRIWKH¶HQGDSWDPHU
ODEHOOHGZLWKIHUURFHQHDQGWKHHOHFWURGHVXUIDFH WKXVDYDULDWLRQRIHOHFWURFKHPLFDO
VLJQDO LQ WKHSUHVHQFHRI WKURPELQ FDQEHGHWHFWHG6HYHUDO HOHFWURFKHPLFDO GHWHFWLRQ
PHWKRGVZHUHHYDOXDWHG WRRSWLPLVH WKHGHWHFWDELOLW\RI WKHHYHQW H635ZDVXVHG WR
REWDLQVLPXOWDQHRXVLQIRUPDWLRQRIVXUIDFHPRGLILFDWLRQDQGHOHFWURFKHPLFDOUHVSRQVH
7RGHPRQVWUDWH WKHDERYHD¶ WKLRODWHGDQG¶ IHUURFHQHPRGLILHG WKURPELQDSWDPHU
ZDVV\QWKHVLVHG  ,Q WKHVHH[SHULPHQWV WKHUHGR[ ODEHOOHGDSWDPHUZDVVHOIDVVHPEOHG
RQ JROG HOHFWURGHV WR GLUHFWO\ GHWHFW WKH FKDQJH RI WKH GLVWDQFHGHSHQGHQW






VKLIW FRUUHVSRQGV WR D VXEPRQROD\HU RI WKH ODEHOOHG DSWDPHU 7DNLQJ LQWR DFFRXQW D
WKHRUHWLFDO '1$ VXUIDFH FRYHUDJH RI  [  PRO PP /L HW DO 
DSSUR[LPDWHO\RIWKHVXUIDFHLVFRYHUHG[PROPPDVFDOFXODWHGE\
HPSOR\LQJDQHPSLULFDO UHODWLRQVKLSEHWZHHQUHIOHFWDQFHDQJOHFKDQJHDQGDPRXQWRI
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SURWHLQ LPPRELOLVHG  P    QJ RI SURWHLQ PP 8VHU PDQXDO IRU $XWRODE
63,5,7  +RZHYHU WKLV UHODWLRQVKLS KDV OLPLWV RI DSSOLFDWLRQ EHFDXVH RQ WKH
ORZHU VLGH WKH VPDOOHVW DVVXPHG K\GURG\QDPLF UDGLXV RI SURWHLQ WKDW FDQ SURGXFH D








FDVH RI WKH DSWDPHU ZH KDYH EHHQ DOVR ZRUNLQJ DW WKH OLPLW RI VL]H WKDW WKH
PDQXIDFWXUHUDVVXPHVLVWKHORZHVWOLPLWRIGHWHFWLRQRIWKHLQVWUXPHQWJPRO







     4 Q)$Γ  (TXDWLRQ

:KHUH4LVWKHFKDUJHQLVWKHQXPEHURIHOHFWURQVSURGXFHGLQWKHUHGR[UHDFWLRQ$LV
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WKHZDVKLQJ VWHS D UHVLGXDO P° VKLIW LV REVHUYHG LQ WKH UHIOHFWDQFH DQJOHZKLFK
FRUUHVSRQGVWR[PROPPRIWKURPELQUHPDLQLQJDWWDFKHGWRWKHDSWDVHQVRU
7KLVZRXOG FRUUHVSRQG WR RI WKH VLWHV FDSWXULQJ WKH WDUJHW WKURPELQ DW WKLV KLJK
FRQFHQWUDWLRQ 6LPXOWDQHRXV YROWDPPHWU\ RI WKH UHVXOWLQJ PROHFXODU DUFKLWHFWXUH
UHYHDOHGDQDOPRVWIROGLQFUHDVHLQSHDNFXUUHQW7KLVLQGLFDWHVWKDWWKHIHUURFHQH
ODEHOOHGDSWDPHU¶VFRQIRUPDWLRQKDVFKDQJHGWREULQJWKHIHUURFHQHLQFORVHSUR[LPLW\







7KHVH UHVXOWV GHPRQVWUDWH D VWURQJ ' FKDQJH WKDW LV GHSHQGHQW XSRQ WDUJHW
UHFRJQLWLRQDQGFRUURERUDWHWKDWVDLGFKDQJHFDQEHGHWHFWHGE\F\FOLFYROWDPPHWU\,W
VKRXOG EH QRWHG WKDW WKH HOHFWURFKHPLFDO VLJQDO LQFUHDVH XSRQ WKH UHFRJQLWLRQ HYHQW
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XQGHU WKH VDPH FRQGLWLRQV  µ0 IRU  PLQXWHV LQ WKH VDPH EXIIHU DV IRU WKH
WKURPELQ LQWHUDFWLRQ7KH UHVLGXDO UHIOHFWDQFHDQJOHFKDQJHZDV LQ WKLV FDVHP°
YDOXHWKDWFRUUHVSRQGVWRDERXW[PROPP7KLVZRXOGFRUUHVSRQGWRDERXW
 RI WKH DSWDPHU VLWHV ELQGLQJ ZLWK %6$ +RZHYHU WKH HOHFWURFKHPLVWU\ RI WKH
UHVXOWLQJ VWUXFWXUH VKRZHG VLJQLILFDQWO\ GLIIHUHQW EHKDYLRXU DV UHVSRQVH WR WKLV QRQ
VSHFLILF LQWHUDFWLRQ DQG LQWHJUDWLRQ RI FKDUJH VKRZHG DERXW  VXUIDFH FRYHUDJH DV
FRPSDUHGWRWKHVSHFLILFLQWHUDFWLRQ0RUHLPSRUWDQWO\WKHVKDSHRIWKHYROWDPPRJUDP
ZDV VLJQLILFDQWO\ GLIIHUHQW 7KH SHDNZLGWK DW KDOI KHLJKW∆():+0 ZDV DOPRVW WKUHH




7RGHPRQVWUDWH WKHSRVVLELOLW\RID UHXVDEOHELRVHQVRU WKH UHJHQHUDWLRQRI WKURPELQ
DSWDPHU LQWHUDFWLRQ ZDV DWWHPSWHG  5HJHQHUDWLRQ H[SHULPHQWV ZHUH FDUULHG RXW LQ D
KRPHPDGHµ/WZRHOHFWURGHWKLQOD\HUFHOOZLWKDQPPVTXDUHJROGVKHHWDVD
ZRUNLQJ HOHFWURGH RSSRVLWH WR D VROLG VWDWH $J$J&O UHIHUHQFHFRXQWHU SDLQWHG RQ D
SODVWLF VXEVWUDWH$J$J&O LQN('7$DQG1D2+ZLWK HWKDQROKDYHEHHQ UHSRUWHG DV
HIILFLHQW UHJHQHUDWRUV LQ DSWDPHUSURWHLQ LQWHUDFWLRQ /LVV HW DO 0LQXQQL HW DO
  7KUHH LQFXEDWLRQV RI  PLQXWHV ZLWK  P0 RI ('7$ ZHUH FDUULHG RXW
KRZHYHUQRGHFUHDVH LQ VLJQDOZDVGHWHFWHG  ,Q FRQWUDVW LQWHUDFWLRQ UHJHQHUDWLRQZDV
DFKLHYHG DIWHU WKH VHFRQG LQFXEDWLRQZLWK P01D2+ZLWK (WKDQRO $IWHU
UHJHQHUDWLRQDQHZ LQWHUDFWLRQEHWZHHQDSWDPHUDQG WKURPELQZDVDFKLHYHGKRZHYHU
WKH VHFRQG LQWHUDFWLRQ UHVXOWHG WR   ORZHU VLJQDO DV FRPSDUHG WR WKH SUHYLRXV
)LJXUH

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7KH UHVXOWV REWDLQHG LQ WKH SUHYLRXV DSWDEHDFRQ H[SHULPHQWV VXJJHVWHG WKDW LQGHHG
XSRQ WKURPELQ UHFRJQLWLRQ WKH IHUURFHQH ODEHOOHG HQG RI WKH DSWDPHU DSSURDFKHG WKH
HOHFWURGH VXUIDFH  ,W ZDV K\SRWKHVLVHG WKDW RQH FRXOG XVH WKH QRZ UHDGLO\ DYDLODEOH
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IURP WKH VXUIDFH ERXQG HQ]\PH 7KLV FDWDO\WLF VHTXHQFHZRXOG DOVR VHUYH IRU VLJQDO
DPSOLILFDWLRQ
7R WHVW WKLV K\SRWKHVLV D PL[HG PRQROD\HU RI WKH UHGR[ODEHOOHG DSWDPHU DQG
PLFURSHUR[LGDVH 03 ZDV FRQVWUXFWHG  7KLV FRQILJXUDWLRQ VKRXOG WUDQVODWH WKH
GLVWDQFH PRGXODWLRQ WR D VWHDG\ VWDWH DPSHURPHWULF FXUUHQW WKDW FRXOG DOVR EH PRUH
TXDQWLILDEOH
7RDFKLHYHWKLVWKHPL[HGVHOIDVVHPEOHGPRQROD\HUZDVFRQVWUXFWHGE\LQFXEDWLQJWKH
H635 JROG FKLS VLPXOWDQHRXVO\ LQ UHGR[ ODEHOOHG DSWDPHU DQG 03  9DULRXV
FRQFHQWUDWLRQVRIWKLVPL[WXUHZHUHWHVWHGWRRSWLPLVHWKLVOD\HU,QFXEDWLRQRIµ0
RI DQDO\WH WKURPELQ IRU  KRXU DW  & ZDV XVHG WR GHWHFW WKH RSWLPXP PL[WXUH
FRQFHQWUDWLRQ  ,QWHUDFWLRQ ZDV GHWHFWHG E\ 635 DQG FKURQRDPSHURPHWU\
&KURQRDPSHURPHWULFPHDVXUHPHQWVZHUHFDUULHGRXWLQµ/RIP0FLWUDWHEXIIHU
S+P01D&OZDVDGGHGLQWR WKHFHOODSRWHQWLDORI±9YHUVXV$J$J&O
ZDVDSSOLHGDQGZKHQ WKHEDVH OLQHZDVVWDELOLVHG DWVHFRQGVP0+2ZDV
LQMHFWHGLQWRWKHHOHFWURFKHPLFDOFHOO5HVSRQVHZDVUHFRUGHGDIWHUVHFRQGV
$KLJKHU UHVSRQVHDQGKLJKHU VSHFLILFLW\XVLQJERYLQHVHUXPDOEXPLQ %6$DVQRQ
VSHFLILFWDUJHWZDVREWDLQHGZLWKDPL[WXUHRIµ0UHGR[ODEHOOHGDSWDPHUDQG
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$IWHU WKH ILUVW OD\HU LPPRELOLVDWLRQ635PHDVXUHPHQWV VKRZHGDP° VKLIW LQ WKH





ZHUH XVHG WR VWDEOLVK WKH EDFNJURXQG UHVSRQVH  $GGLWLRQDO FRQWURO PHDVXUHPHQWV
ZLWKRXW WKURPELQ DQG FRQWURO ZLWKRXW UHGR[ ODEHOOHG DSWDPHU ZHUH FDUULHG RXW  $V
VKRZQLQ)LJXUH IRUDFRQFHQWUDWLRQRIS0WKURPELQDUHVLGXDOP°VKLIW
ZDV REVHUYHG LQ WKH UHIOHFWDQFH DQJOHZKLFK FRUUHVSRQGV WR  [ PROPP RI
WKURPELQUHPDLQLQJDWWDFKHGWRWKHDSWDVHQVRU&RPSDULQJZLWKWKHSUHYLRXVDSWDEHFRQ
V\VWHP DSWDEHDFRQZLWK03KDV DPRUH VXUIDFHFRYHUDJH WKDQ WKHSUHYLRXV
V\VWHPZLWKDVHOIDVVHPEOHGPRQROD\HURIDSWDEHDFRQKRZHYHULQWKLVFDVHWKHODUJH
SDUW RI WKLV FRYHUDJH LV GXH WR WKH03 VR OHVV DPRXQW RI DSWDPHUV VWUDQGV ZHUH






ZLWK DPL[WXUH RIµJP/ RI WKLRODSWDPHUIHUURFHQH DQGµ0RI03 DQGµJP/ RI
WKURPELQ

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KRXU RI EXIIHU P0 FLWUDWH EXIIHU S+  P01D&O LQFXEDWLRQ  $ FRQWURO
ZLWKRXWDSWDPHU)FZDVPHDVXUHG WRFKHFN WKHHIIHFWLYHQHVVRI WKH IHUURFHQH ODEHODV





)LJXUH   635 UHVSRQVH RI GLIIHUHQW FRQFHQWUDWLRQV RI WKURPELQ DQG %6$ LQ DQ DSWDEHDFRQZLWK03
IRUPDW7KURPELQDQG%6$FRQFHQWUDWLRQZHUHSORWWHGORJDULWKPLFDOO\

9DULRXV FRQFHQWUDWLRQV RI WKURPELQ DQG %6$ ZHUH PHDVXUHG IROORZLQJ WKH VDPH




SODWLQXP HOHFWURGH XVHG DV FRXQWHUUHIHUHQFH HOHFWURGH  7ZR HOHFWURFKHPLFDO
WHFKQLTXHV ZHUH XVHG WR GHWHFW WKLV LQWHUDFWLRQ LPSHGDQFH VSHFWURVFRS\ DQG
FKURQRDPSHURPHWU\
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7KH FKURQRDPSHURPHWU\ VWXG\ HOHFWURGH UHDFWLRQ WKURXJK ODUJH SHUWXUEDWLRQ RI WKH
V\VWHP E\ LPSRVLQJ D SRWHQWLDO WKDW GULYHV WKH HOHFWURGH WR D FRQGLWLRQ IDU IURP
HTXLOLEULXP VR WKLV WHFKQLTXH FRXOG SURGXFH D GLVWXUEDQFH RQ WKH VXUIDFH WKDW FRXOG
FKDQJHWKHUHVXOWVREWDLQHGZLWKWKHQH[WWHFKQLTXH
,PSHGDQFHPHDVXUHPHQWVZHUH FROOHFWHG EHIRUH DQG DIWHU WKH LQWHUDFWLRQ RI WKURPELQ
ZLWK WKH FRLPPRELOLVHG DSWDEHDFRQ 7KH LPSHGDQFH GDWD REWDLQHG ZLWK WKLV V\VWHP
ZHUH ILWWHG WR D5DQGOHVPRGLILHG HTXLYDOHQW FLUFXLW WR GHWHUPLQH HOHFWULFDO SDUDPHWHU
YDOXHV  7KLV FLUFXLW KDV EHHQ FKRVHQ EDVHG RQ 9RURW\QWVHY WKHRUHWLFDO PRGHO RI D
VXUIDFHFRQILQHGUHGR[V\VWHP9RURW\QWVHYHWDO7KHFLUFXLWSUHVHQWHGLQWKH
LQVHW RI ILJXUH  LQFOXGHV D VROXWLRQ UHVLVWDQFH EHWZHHQ ZRUNLQJ DQG UHIHUHQFH
HOHFWURGH 5V D GRXEOH OD\HU FDSDFLWDQFHSURGXFHGE\ WKH OD\HU RI DSWDPHUWKURPELQ
&S03ILOPUHVLVWDQFH5IDQDSWDPHUWKURPELQUHVLVWDQFH5SDFRQVWDQWSKDVH
HOHPHQW &3( WKDW LV D FDSDFLWRU WKDW GRHVQRWEHKDYH LGHDOO\ DQG LW LV UHODWHG WR WKH
FDSDFLWDQFHRIWKHURXJKJROGVXUIDFHDQGD:DUEXUJLPSHGDQFHHOHPHQW=ZUHVXOWLQJ




VWDEOH YDOXH DURXQG  RKPV  7KH FLUFXLW HOHPHQW WKDW XQGHUJRHV DPRUH VLJQLILFDQW
FKDQJH LV WKH ILOP UHVLVWDQFH  :KHQ WKH LQWHUDFWLRQ RFFXUV WKH IHUURFHQH ODEHO
DSSURDFKHV WR WKH03 OD\HU WUDQVIHUULQJ HOHFWURQV WR WKH HOHFWURGH VXUIDFH ZKLFK
FUHDWHDGHFUHDVHLQWKHILOPHOHFWURQWUDQVIHUUHVLVWDQFH+HQFHLWKDVEHHQWKHHOHPHQW
FKRVHQ WR EH FRPSDUHG ZLWK GLIIHUHQW FRQFHQWUDWLRQV RI WDUJHW DQG FRQWUROV
PHDVXUHPHQWV





,Q WKLVFDVH WKH IHUURFHQHPROHFXOHDWWDFKHG WR WKHDSWDPHUZDVSUHVHQW LQ WKHV\VWHP
EXW LW LV IDU WR WKHHOHFWURGH VXUIDFH :KHQQ0 WKURPELQ LQWHUDFWHGZLWK WKHFR
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LPPRELOLVHG ILOP RI IHUURFHQHDSWDPHU DQG03 ORZHU HOHFWURQ WUDQVIHU UHVLVWDQFH
ZDVREWDLQHG5HW NRKP7KHVSHFLILFLW\RIWKHPHWKRGZDVGHPRQVWUDWHGXVLQJD
VLPLODUSURWHLQ %6$EXW WKDW GRHVQRW VKRZVSHFLILFELQGLQJ WR WKLV DSWDPHU DW WKH
VDPHFRQFHQWUDWLRQXVHGIRUWKURPELQ,QWKLVFDVHWKHHOHFWURQWUDQVIHUUHVLVWDQFHLV
 KLJKHU WKDQ WKH REWDLQHGZLWK WKURPELQ DQG  ORZHU WKDW WKH REWDLQHGZLWK WKH
FRQWUROZLWKRXWDQDO\WH7KHVHUHVXOWVVXJJHVWWKDWWKURPELQELQGVVSHFLILFDOO\ZLWKWKH





&RQWURO ZLWKRXW WKURPELQ RU %6$ G &RQWURO ZLWKRXW IHUURFHQH ODEHOOHG DSWDPHU  2Q WKH WRS RI WKH
ILJXUHUHSUHVHQWDWLRQRIWKHHTXLYDOHQWFLUFXLWXVHGWRILWWKHIUHTXHQF\VFDQV

7R FKHFN WKH SURSRUWLRQDOLW\ RI WKH WKURPELQDSWDPHU LQWHUDFWLRQ UHVSRQVH WR WKH
FRQFHQWUDWLRQRIWKHWDUJHWYDULRXVFRQFHQWUDWLRQVRIWKURPELQDQG%6$ZHUHWHVWHG,Q
)LJXUH  VKRZV KLJKHU HOHFWURQ WUDQVIHU REVHUYHG ZLWK WKURPELQ LQWHUDFWLRQ
FRPSDULQJ ZLWK %6$ DQG WKHVH GLIIHUHQFHV LQFUHDVH ZKHQ WKURPELQ FRQFHQWUDWLRQ LV
LQFUHDVHG 7KH OLPLW RI WKURPELQ GHWHFWLRQ RI WKLV DSWDPHU03 EDVHG VHQVRU
WUDQVGXFHGZLWKLPSHGDQFHVSHFWURVFRS\ZDVI0

UNIVERSITAT ROVIRA I VIRGILI
OLIGONUCLEOTIDE BASED-BIOSENSORS FOR LABEL-FREE ELECTROCHEMICAL PROTEIN AND DNA DETECTION.
Mònica Mir Llorente







2QFH LPSHGDQFH PHDVXUHPHQWV ZHUH FDUULHG RXW WKH LQWHUDFWLRQ RI WKURPELQ ZLWK
IHUURFHQH ODEHOOHG DSWDPHU DQG 03 PRGLILHG HOHFWURGH ZDV REVHUYHG ZLWK
FKURQRDPSHURPHWU\ WR GHWHFW WKH ELRPROHFXODU UHFRJQLWLRQ HYHQW WUDQVODWLQJ WKH
GLVWDQFHPRGXODWLRQWRDVWHDG\VWDWHDPSHURPHWULFFXUUHQW




DGGHG LQWR WKH FHOO D SRWHQWLDO RI ±9 YHUVXV$J$J&OZDV DSSOLHG DQGZKHQ WKH
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LV VKRZQ $SSOLHG SRWHQWLDO ±9 YV$J$J&O LQMHFWLRQ RI P0+2 DW  VHFRQGV  5HVSRQVH
PHDVXUHGDWVHFRQGV(OHFWURGHDUHDPP

$V LV VKRZQ LQ )LJXUH  FKURQRDPSHURPHWU\ UHVSRQVH ZDV UHFRUGHG ZLWK UHGR[
DSWDPHU DQG 03 PRGLILHG JROG HOHFWURGH LQ WKH SUHVHQFH RI GHFUHDVLQJ
FRQFHQWUDWLRQVRIWKURPELQDQG%6$7KHOLPLWRIWKURPELQGHWHFWLRQIRUWKLVDSWDPHU
03EDVHGVHQVRUWUDQVGXFHGZLWKFKURQRDPSHURPHWU\ZDVQ0
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7KH UHSURGXFLELOLW\ RI WKH FKURQRDPSHURPHWULF DSWDEHDFRQ ZDV FDUULHG RXW LQ ILYH
HOHFWURGHVPHDVXUHGLQDKRPHPDGHµ/WZRHOHFWURGHWKLQOD\HUFHOOZLWKDPP
VTXDUHJROGVKHHWDVDZRUNLQJHOHFWURGHRSSRVLWH WRDVROLGVWDWH3WUHIHUHQFHFRXQWHU
HOHFWURGH 6WDQGDUG GHYLDWLRQ RI WKH WKURPELQ GHWHFWLRQ  µJ P/ E\
FKURQRDPSHURPHWU\LVµ$








UHFRUGHGRQ WKH FKURQRDPSHURJUDSK $IWHUZDUGV D&9 VFDQ UDWHRI9 V VFDQ
EHWZHHQ±9DQG9ZDVUHFRUGHG)LJXUH
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DSWDVHQVRU  7KH ILYH HOHFWURFKHPLFDO DSWDVHQVRUV GHYHORSHG RQO\ WKH DSWDEHDFRQ
VWUDWHJ\LVJHQHULFDQGHYHQLQWKHFDVHRQO\ LI WKHDSWDPHUVXIIHUVDQLPSRUWDQW'
FKDQJH XSRQ UHFRJQLWLRQ  7KLV FRQILJXUDWLRQ ZDV GHYHORSHG LQWR D QRYHO PROHFXODU
DUFKLWHFWXUH WKDW \LHOGHG WKH ILUVW DPSHURPHWULF PROHFXODU VZLWFK UHSRUWHG LQ WKH
OLWHUDWXUH +RZHYHU WKLV VZLWFK VXIIHUV IURP QRQVSHFLILF DGVRUSWLRQ SKHQRPHQD DQG
ORZFDWDO\WLFHIILFLHQF\6WLOOVDOWKRXJKDPSHURPHWULFUHF\FOLQJZDVQRWYHU\HIILFLHQW
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7KH UHVXOWV SUHVHQWHG ZLWK WKHVH DSWDVHQVRUV ZHUH SHUIRUPHG LQ D PDWUL[ IDU OHVV
FRPSOH[WKDQWKHDQWLFLSDWHGFOLQLFDOVDPSOHV:KLOHVSHFLILFDOO\UHFRJQLVLQJWKURPELQ




















/HYLFK\ 5 +HUQH 70 7DUORY 0- 6DWLMD 6. -RXUQDO RI $PHULFDQ &KHPLFDO
6RFLHW\
/L - &KX ; /LX <  -LDQJ - +H = =KDQJ = 6KHQ * <X 5 1XFOHLF $FLGV
5HVHDUFK
/LGH'5&5&+DQGERRNRIFKHPLVWU\DQGSK\VLFVWKHGLWLRQ&5&SUHVV
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/RW]EHYHU 7 6FKXKPDQQ : 6FKPLGW +/ 7KH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ
6ROLGVWDWH6HQVRUVDQG$FWXDWRUVDQG(XURVHQVRUV,;6WRFNKROP6ZHGHQ
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'LUHFW '1$ HOHFWURFKHPLFDO GHWHFWLRQ RI ODEHOOHG VV'1$ ZHUH ILUVW RSWLPLVHG WR
HVWDEOLVK D SURWRFRO RI '1$ LPPRELOLVDWLRQ K\EULGLVDWLRQ DQG GHWHFWLRQ
FRORXULPHWULFDOO\DQGHOHFWURFKHPLFDOO\
$ VXERSWLPXP GLVSODFHPHQW DVVD\ WR GHYHORS D ODEHOIUHH GHWHFWLRQ RI '1$
K\EULGLVDWLRQ ZDV GHPRQVWUDWHG  7KH DVVD\ ZDV SHUIRUPHG FRORXULPHWULFDOO\ DQG
HOHFWURFKHPLFDOO\ XVLQJ D VXERSWLPXP +53 ODEHOOHG DV ZHOO DV HOHFWURFKHPLFDOO\
WKURXJK D VXERSWLPXP IHUURFHQH ODEHOOHG WKDW FRQYHUWV WKLV V\VWHP LQ D UHDJHQWOHVV
GHYLFH




'LIIHUHQW HOHFWURQ WUDQVIHU PHGLDWLQJ V\VWHPV ZHUH DSSOLHG DQG FRPSDUHG IRU '1$
K\EULGLVDWLRQGHWHFWLRQ
$PHU+53ODEHOOHGROLJRQXFOHRWLGHKDVEHHQGHWHFWHGZLWKDGLIIXVLRQDOPHGLDWRU
DV ZHOO DV D UHGR[ SRO\PHU DWWDFKHG WR WKH HOHFWURGH VXUIDFH 1RQGLIIXVLRQDO
WUDQVGXFWLRQZLWK WKH UHGR[ SRO\PHU UHVXOWHG LQ WKH GRXEOLQJ RI FXUUHQW FRPSDUHG WR
GLIIXVLRQDOWUDQVGXFWLRQ,WDOVRRIIHUGUHGXFHGUHVSRQVHWLPHSRVVLELOLW\RIXVHORZHU
VDPSOHYROXPHVDQGSURYLGHGDQHDV\WRXVHDQGDTXDVLUHDJHQWOHVVV\VWHP
7KLV V\VWHP FRXOG EH XVHG WR GHWHFW D PHU ROLJRQXFOHRWLGH DPSOLILHG E\ 3&5
VHOHFWLYHIRUWKH0LFREDFWHULXPWXEHUFXORVLVUSR%JHQHUHJLRQ
7KH GHWHFWLRQ RI WKH ORQJHU ROLJRQXFOHRWLGH PHU K\EULGLVDWLRQ UHVXOWHG LQ ORZHU
FXUUHQWVGXHWRWKHLQVXODWLQJFKDUDFWHURIWKHPHU
7KLV GLIIXVLRQOHVV V\VWHP DOORZHG WKH HOLPLQDWLRQ RI FURVVWDON LQ FORVHO\ VSDFHG
HOHFWURGHV DQG WKXV ELRFRPSDWLEOH SKRWROLWKRJUDSK\ FRXOG EH XVHG IRU WKH VHOHFWLYH
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LPPRELOLVDWLRQ RI ELRPROHFXOHV RQ DQ HOHFWURFKHPLFDO PLFURDUUD\  $ PHU
ROLJRQXFOHRWLGH VSHFLILF IRU EUHDVW FDQFHU ZDV HOHFWURFKHPLFDOO\ GHWHFWHG RQ WKH




6XERSWLPXP GLVSODFHPHQW DVVD\V WR GHWHFW D ODEHOIUHH ROLJRQXFOHRWLGH WDUJHW ZHUH
FDUULHG RXW  $ SUHK\EULGLVDWLRQ RI D ODEHOOHG PXWDWHG ROLJRQXFOHRWLGH ZLWK DQ
LPPRELOLVHG FDSWXUHSUREHZDVSHUIRUPHGDQGGXH WR WKHKLJKHU DIILQLW\RI WKH WDUJHW
WKDW LV IXOO\ FRPSOHPHQWDU\ WR WKH FDSWXUH SUREH WKH SUHK\EULGLVHG ODEHOOHGPXWDWHG
ROLJRQXFOHRWLGH ZDV GLVSODFHG ZKHQ WKH FRPSOHPHQWDU\ WDUJHW ZDV LQWURGXFHG LQ WKH
V\VWHP  7KH GHFUHDVH RI WKH VLJQDO YHULILHG WKH SUHVHQFH RI WKH WDUJHW ZKLFK ZDV
SURSRUWLRQDOWRWKHWDUJHWFRQFHQWUDWLRQ
7KH VXERSWLPXP GLVSODFHPHQW V\VWHP ZDV GHPRQVWUDWHG FRORXULPHWULFDOO\ DQG
HOHFWURFKHPLFDOO\ XVLQJ D +53 ODEHOOHG PXWDWHG ROLJRQXFOHRWLGH DV ZHOO DV
HOHFWURFKHPLFDOO\ZLWKDIHUURFHQHODEHOOHGROLJRQXFOHRWLGH
&RORXULPHWULF GHWHFWLRQ RI VXERSWLPXP GLVSODFHPHQW ZLWK +53 ODEHO VKRZHG D
VSHFLILFGLVSODFHPHQWRIDW&7KHUHVSRQVHRIWKHGLVSODFHPHQWV\VWHPZDV
SURSRUWLRQDOWRWKHWDUJHWFRQFHQWUDWLRQ$XVHIXOWDUJHWFRQFHQWUDWLRQZDVLQUDQJHRI
µ0 7KH GLVSODFHPHQW PHWKRG HYDOXDWHG FRORXULPHWULFDOO\ DFKLHYHG WKH REMHFWLYH RI
GHFUHDVLQJ WKH UHVSRQVH WLPH IURP  KRXU LQ GLUHFW K\EULGLVDWLRQ RI PHU
ROLJRQXFOHRWLGHVWRPLQXWHVLQWKHFDVHRIGLVSODFHPHQWGHWHFWLRQ
(OHFWURFKHPLFDO GHWHFWLRQ RI VXERSWLPXP GLVSODFHPHQW ZLWK +53 ODEHO VKRZHG D
VSHFLILFGLVSODFHPHQWRI +RZHYHU WKHGHVLJQRI WKHHOHFWURFKHPLFDOFHOOGLG
QRW DOORZ WKH DSSOLFDWLRQ RI WHPSHUDWXUH VR DOWKRXJK RSWLPLVDWLRQV LQ (/21$
GHPRQVWUDWHGEHWWHUGLVSODFHPHQWDW&HOHFWURFKHPLFDOGHWHFWLRQZDVGRQHDW&
ZKLFKUHGXFHGWKHSHUFHQWDJHRIGLVSODFHPHQWREWDLQHG
)HUURFHQH ODEHOOHGVXERSWLPXPK\EULGLVDWLRQGLVSODFHPHQW IRUGHWHFWLRQRI WKHF\VWLF
ILEURVLVJHQHUHJLRQZDVGHPRQVWUDWHGE\VHYHQPHWKRGV635&9LQEXIIHU'39LQ
EXIIHU LPSHGDQFH LQ EXIIHU &9 LQ IHUURF\DQLGHIHUULF\DQLGH '39 LQ
IHUURF\DQLGHIHUURF\DQLGHDQGLPSHGDQFHLQIHUURF\DQLGHIHUURF\DQLGH&RPSDUHGZLWK
WKHSUHYLRXVHOHFWURFKHPLFDOV\VWHPXVLQJ+53ODEHOOHGIRUWKHGLVSODFHPHQWGHWHFWLRQ
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V\VWHPV  +RZHYHU LQ WKLV FDVH D FRPSOHWHO\ UHDJHQWOHVV V\VWHPZDV DFKLHYHG DQG D
ORZHU UHODWLYH VWDQGDUG GHYLDWLRQZDV REWDLQHG   µ$YHUVXV   µ$





)LYH FRQILJXUDWLRQV RI DQ DSWDPHU EDVHG VHQVRU IRU WKURPELQ GHWHFWLRQ EDVHG RQ
HOHFWURFKHPLFDOWUDQVGXFWLRQZHUHLQYHVWLJDWHG7KHILUVWVWUDWHJ\HPSOR\HGDWKURPELQ
VSHFLILF DSWDPHU LPPRELOLVHGRQ DQ HOHFWURGH VXUIDFH $SWDPHUERXQG WKURPELQZDV
GHWHFWHG E\ TXDQWLI\LQJ WKH SQLWURDQLOLQH UHDFWLRQ SURGXFW SURGXFHG E\ WKH WKURPELQ
FDWDO\VHGK\GURO\VLVRI $OD*O\$UJSQLWURDQLOLQH7KHHOHFWURFKHPLFDOGHWHFWLRQRI
SQLWURDQLOLQH ZDV  IROG IDVWHU WKDQ WKH RSWLFDO UHIHUHQFH PHWKRG  7KH VHFRQG
DSSURDFK GHWHFWHG WKH WKURPELQ XVLQJ WZR DSWDPHUV LQ D VDQGZLFK FRQILJXUDWLRQ
DFKLHYLQJ D OLPLW RI GHWHFWLRQRI Q0KLJKHU WKDQ WKHREWDLQHG LQ WKH WKLUG V\VWHP
HPSOR\LQJWKURPELQLPPRELOLVHGRQDPRGLILHGJROGHOHFWURGHDQGGHWHFWLRQZLWK+53
ODEHOOHGDSWDPHUZKHUHZDVDFKLHYHGQ0RIGHWHFWLRQ OLPLW7KH IRXUWK VWUDWHJ\
GHPRQVWUDWHVD VZLWFKRQDSSURDFKFRPSOHWHO\ UHDJHQWOHVVEDVHGRQDEHDFRQV\VWHP
+RZHYHU PRUH UHSURGXFLEOH DQG VHQVLWLYH UHVSRQVH ZDV REWDLQHG LQ WKH ILIWK GHVLJQ
ZKHUH WKHDSWDEHDFRQZDV LPSURYHGZLWKDQHQ]\PHOD\HUFRLPPRELOLVHG WRFDWDO\VH
WKHUHVSRQVH 7KLV ODVWVWUDWHJ\ZDVGHPRQVWUDWHGZLWK635FKURQRDPSHURPHWU\DQG
LPSHGDQFHVSHFWURVFRS\ 7KH ORZHVW OLPLWRIGHWHFWLRQZDVDFKLHYHGZLWK LPSHGDQFH
GHWHFWLRQDQG LWZDV I0 )XUWKHUPRUHD UHDO WLPHGHWHFWLRQRI WKURPELQDSWDPHU
IHUURFHQH LQWHUDFWLRQ ZDV GHPRQVWUDWHG FKURQRDPSHURPHWULFDOO\ ZLWK WKH FR
LPPRELOLVHGDSWDEHFRQ03V\VWHP

$V HYHU\ H[SHULPHQWDO ZRUN WKLV DUH DOVR SUREDEO\ FUHDWHG ZHUH TXHVWLRQV WKDQ LW
DQVZHUHG6RPHRIWKHPRVWLPSRUWDQWFRQVLGHUDWLRQVDUHWKHIROORZLQJ

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 7KHSUHVHQW QRQVSHFLILF DGVRUSWLRQ LQ GLUHFW'1$VHQVRUV DQG DSWDPHUEDVHG
VHQVRUV QHHGV WR EH UHGXFHG  7R DYRLG QRQVSHFLILF LPPRELOLVDWLRQ RI VXFFHHGLQJ
UHDFWDQWVEORFNLQJDJHQWVZHUHXVHGWRSUHYHQWSRVVLEOHH[FHVVWRWKHVROLGVXUIDFHDIWHU
FRDWLQJZLWK ROLJRQXFOHRWLGH FDSWXUH SUREH 'LIIHUHQW NLQGV RI EORFNLQJ DJHQWVZHUH





VHQVRU DQG UHTXLUHD VNLOOHG SHUVRQQHO DQG FRVWO\ ODERUDWRU\ LQVWUXPHQWV  7KLV LV QRW
IHDVLEOH LQ WKHSRLQWRIFDUHRU LQKRPHGLDJQRVWLFHQYLURQWPHQW 7KHXVHRI WKHVXE







7DQJ DQG -RKDQVVRQ  .XPDGD HW DO  UHSRUWHG WKH XVH RI OLSRVRPHV WR
HQFDSVXODWHVRPHPROHFXOHVRI+53DQGWKHQXVHWKHOLSRVRPHVDVDQDPSOLILHUUHSRUWHU
ELRPROHFXOH  &RDWLQJ RI WKH HOHFWURGH VXUIDFH ZLWK D EUDQFKHG PROHFXOH VXFK DV
GHQGULPHUV WR LQFUHDVH WKH VXUIDFH DQG WKHQ LQFUHDVH VLJQDO KDV EHHQ EURDGO\ XVHG
3DWROVN\HWDO=KDRHWDO

 'LIIHUHQW NLQGV RI VHTXHQFHV IRU WKH GLVSODFHPHQW DVVD\ VKRXOG EH H[DPLQHG
7KH\ VKRXOG WDNH LQWR DFFRXQW GLIIHUHQW QXPEHUV RI PXWDWLRQV GLIIHUHQW SRVLWLRQV RI
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ZLWKGLIIHUHQW WDUJHWV 7KHJHQHULF QDWXUH RI DSWDVHQVRUV QHHGV WR EHGHPRQVWUDWHG LI
WKHVHPROHFXOHVDUHWRIXOILOWKHH[SHFWDWLRQVWKDWKDYHFUHDWHGWKHSURWHRPLFV

 7KH PLVPDWFK GLVFULPLQDWLRQ FDSDFLW\ RI WKH GLVSODFHPHQW DVVD\ VKRXOG EH
FDUULHG RXW DQG FRPSDUHG ZLWK WKH GLVFULPLQDWLRQ FDSDFLW\ RI GLUHFW K\EULGLVDWLRQ
3UREDEO\PLVPDWFKHGVWUDQGVPLJKWKDYHPRUHGLIILFXOWLHVWRK\EULGLVHLQGLVSODFHPHQW




IRU'1$RUSURWHLQGHWHFWLRQZHUH WREHFRPPHUFLDOLVHG 7KHVHQVRUZLOOKDYH WREH
VWDEOHLQVWRUDJHDQGGHSHQGDEOHLQXVH/RQJWHUPVWXGLHVPXVWEHXQGHUWDNHQWRWHVW
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